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Abstract
This describes research done on a variety of ferroelectric systems over the course of
three years during the Ph.D. programme at Victoria University of Wellington. The
majority of the work involved using Raman spectroscopy to investigate the lattice
dynamics of the ferroelectric materials studied, and by this method measuring the
structural phase diagrams in the ferroelectrics.
Three material systems were investigated. The first was bulk ceramics of the
solid solution of Na0.5Bi0.5TiO3 and BaTiO3 (BNT-BT). The second material was
PbTiO3 (PT) nanowires prepared by annealing ‘PX’ phase lead titanate in air. In
these samples we found a tensile strain caused by nanoscopic voids in the wires.
The third material studied was thin films of SrTiO3 (STO) grown epitaxially on
lattice mismatch substrates. This introduced strain into the system.
In the BNT-BT system, temperature dependent Raman spectra were taken
of the various samples. From the spectra, it was discovered that the structural
phase transitions of the material did not perfectly correspond to the electrical
phase transitions. For one significant phase boundary, no structural change occurs,
only a loss of long-range order. The local sensitivity of the Raman spectroscopy
technique allowed this to be found. As a consequence of this, no tricritical point is
found in the phase diagram of BNT-BT. It was also found that poling the sample
in electrical fields shifted the morphotropic phase boundary between 5% and 6%
Ba-substitution about 1% towards the high-substitution side, but otherwise did
not affect the phase diagram.
In the PT nanowires system, temperature dependent Raman spectroscopy and
scanning electron microscopy were performed to measure the spectra of single
nanowires. A large enhancement of the ferroelectric phase transition temperature
was discovered. The enhancement was found to be dependent on the nanowire
diameter, with peak enhancements of over 100 K measured in wires close to 125 nm.
Wires both larger and smaller than this showed smaller degrees of enhancement. It
is proposed that the enhancement is caused by tensile strain developed in the wires
during their synthesis, where they were transformed from a low-density phase into
a high-density phase.
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In the STO thin films system, temperature dependent ultraviolet Raman spec-
tra and x-ray diffraction spectra were measured to establish a relationship between
the biaxial strain developed in the films and their phase diagrams. The XRD found
strain in the films of similar substrate which was inversely proportional to thick-
ness up to a threshold point. Beyond that point, there is a discontinuity and
additional thickness of film is grown without strain. The strain in the lower layer
remains constant. The UV Raman spectroscopy method was able to enhance the
signal such that thin films with weak signals could be measured. The spectra
showed signs of a phase transition in all of the films. In one film enough of the
spectral features were visible to characterise the low temperature phase as the
orthorhombic ferroelectric phase of STO. The transition temperature varied from
sample to sample, and a relationship between the biaxial strain and the transition
temperature was seen.
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Chapter 1
Introduction
This thesis is an experimental investigation of several systems of ferroelectric ma-
terials under conditions of strain. In particular it is concerned with the effect that
strain has on the structural phase transitions of the studied materials.
Raman spectroscopy is the principal tool used to measure the structural phase
transitions in the ferroelectric materials that are studied. Raman measures directly
the energy of lattice vibrations, which can subsequently be linked to the structural
properties of the materials.
In the remainder of this chapter, I will provide some theoretical and prac-
tical background information on the phenomenon of ferroelectricity, and on the
technique of Raman spectroscopy.
Chapter two will provide background information on the particular materials
that are studied in this thesis. The sodium bismuth titanate - barium titanate
mixed ceramic system is the first, and it is a ferroelectric that is not under condi-
tions of strain. In studies of this material, we can clearly see the methods of Raman
spectroscopy, the importance of phase transitions and of soft modes applied in a
simple material of scientific interest. The second material system isnanowires of
lead titanate. In these samples, there is a tensile strain in the wires, which enhances
their ferroelectric properties. The last material system is thin films of strontium
titanate. Biaxial compressive strain is applied to the thin films by growing them
on a substrate which has a lattice constant slightly smaller than that of strontium
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titanate.
Chapter three reports the samples used, and the experimental methods used
in this thesis. It includes discussions about the Raman spectrometers and tem-
perature control systems used in the thesis, comparing them and justifying the
experimental choices made.
Chapters four, five and six report the results of the experiments performed
on the mixed ceramic system, the nanowires and the thin films respectively. It
discusses the interpretation of the Raman and other experimental results in terms
of the structural phase transitions of the materials, and the role of strain in these
systems where applicable.
In chapter seven I summarise the results of this work, and conclude with my
ideas for further study leading on from this research.
1.1 What is Ferroelectricity?
Ferroelectricity is the electric analogue to the magnetic property of ferromag-
netism. It is a property of materials that can retain an electric polarisation in
the absence of an external electric field, and that can have the direction of that
polarisation set by an external field.
Each electron and most nuclei have an intrinsic magnetic dipole moment. In a
solid, one can visualise a large array of point magnetic dipoles coming from these
particles. In most materials, the coupling between neighboring dipole moments is
weak, and thermal energy will randomise the direction of the dipoles even down
to 0 K. Such materials are called paramagnetic. This is illustrated in Fig. 1.1.
At points sufficiently far from the dipole array, the magnetic field drops off far
quicker than the r−3 dependence found from a single dipole, rapidly becoming
undetectably small. This is because the contributions from all of the differently
oriented dipoles become approximately equal in magnitude, and in net they cancel
each other out.
Imagine now a material in which it is energetically favourable for neighboring
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Figure 1.1: Left: cartoon of randomly aligned magnetic dipoles in a regular array
such as a crystal. The material is paramagnetic. Right: The intensity of the
magnetic field of such a collection of dipoles, —B—, plotted against distance from
the surface of the material, d. The field strength drops away extremely rapidly
with distance.
dipoles to align. In this case, large coherent domains are formed in which all of
the dipoles point in the same direction. This is illustrated in Fig. 1.2. There is a
huge difference in the magnetic field we measure - now at distances far from the
array, the field measured is a sum without cancellation of all of the dipoles, and
the measured field becomes very much like the far field of a single stronger dipole.
Arrays with this property are called ferromagnetic.
The reality is more complicated, because it does cost energy to maintain a
magnetic field such as this. So in order to minimise energy, one domain of single
orientation does not extend over the whole crystal. Rather, many domains are
formed. The domains are large compared to the dipole-dipole distance, but small
compared to the dimensions of the whole crystal, and although all the dipoles in
a single domain are similarly aligned, neighboring domains may point in different
directions. Energy is lost as the macroscopic magnetic field is reduced, but gained
as nearest-neighbor dipoles point in different directions. Eventually an optimal
configuration of domains is formed, which still has a dominant dipole direction,
and hence net magnetisation.
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Figure 1.2: Left: An ordered array of dipole moments such as in a single domain
of a ferromagnetic material. Right: the magnetic field approaches that of a single
stronger dipole in the geometric centre.
Applying an external magnetic field to a ferromagnetic material will cause the
magnetic dipoles of the domains to align with it. When the external magnetic
field is removed, some domains will relax back into disordered directions, but the
dominant polarisation of the material will now point in the direction that the
external field did.
The necessary properties for a material to be ferromagnetic are: The ability to
have magnetic dipoles (and therefore a magnetic field) in the absence of an external
magnetic field; The ability of individual magnetic dipoles to form ordered arrays
with other similar dipoles; And the ability of these dipoles to switch directions
or rotate in response to an external magnetic field. With these properties, the
material can hold a magnetic field of its own in the absence of an external magnetic
field, and the direction of this internal magnetic field can be set by external poling.
Ferroelectricity is the same as ferromagnetism, except that one requires electric
dipoles instead of magnetic ones, resulting in an electric field instead of a magnetic
one. However, whereas magnetic dipoles are relatively easy to come across - many
common metals such as iron for example have net magnetic dipoles - electric dipoles
are much rarer in nature. While a magnetic dipole is a property that a single
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particle (such as an electron) can posess, any electric dipole requires necessarily
an interaction of two particles to create a single dipole element - and they must be
different types of particle, at that! The phenomenon is therefore more complex.
1.1.1 Ferroelectric Materials
The most common ferroelectrics are crystals with an asymmetric distribution of
positive and negative charges in the unit cell. The uneven distribution creates
a separation of charge, and as a consequence each unit cell carries a net electric
dipole moment. These dipoles are the units of the array. Of the 32 crystal point
groups, 10 fulfill the requirement of holding a net dipole. If the dipole can be
switched, then the crystal is ferroelectric. Note that this switching is not trivial
- it involves the movement of at least one ion core from one lattice position into
another.
For example, I’ll take the perovskite crystal structure as our basis (as this is the
structure of the most common ferroelectrics, including those studied in this work).
The unaltered structure is centrosymmetric at each atomic site. Moving from
cubic to tetragonal or rhombohedral does not in itself alter the centrosymmetry
(even though it creates unique axes). However, phase transitions from cubic to
tetragonal or rhombohedral are often coincident with ferroelectric distortions. Fig.
1.3 shows the perovskite crystal structure, in cubic and tetragonal symmetries. A
simple breaking of centrosymmetry might be the translation of the B-site cation
along one of the [100] directions. After this change, the crystal no longer has
inversion symmetry at any point. Instead, we have a unique axis along the [100]
direction, in which there is a non-zero dipole moment. Looking at it in a different
way, it has become impossible to construct a primitive unit cell in which the sum of
ionic charge times vector distance over the unit cell is zero. BaTiO3 is an example
of a material which achieves ferroelectricity via this particular ionic displacement.
Not all ferroelectrics have this particular displacement. For example, the rhom-
bohedral phase in lead zirconate titanate(PZT), a material studied in this work, is
ferroelectric because of a displacement of B-site cations in one of the [111] (pseu-
docubic) directions. Of course, one could still pole this crystal in a [100] direction.
In this case, the dipoles in each unit cell would rotate to point in one of the four
5
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Figure 1.3: The perovskite crystal structure, with a-site cations in red, b-site
cations in green, and oxygen in blue. Shown left - cubic symmetry, and right -
tetragonal symmetry. Note that neither of these crystal structures is ferroelectric.
6
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Figure 1.4: Two displacements of the b-site cation in tetragonal perovskites that
can lead to ferroelectricity.
[111] directions that were closest to the direction of poling (and which therefore
had the lowest potential energy). The net polarisation would be smaller than that
of a [111] poled example of such a crystal, as the vector sum of individual dipoles
still involves some degree of cancellation. Two different displacements leading to
ferroelectricity in perovskites are illustrated in Fig. 1.4.
1.1.2 Properties of Ferroelectrics
The signature property of ferroelectrics is of course their electric dipole switcha-
bility. But ferroelectrics possess a number of other interesting material features as
well.
The ferroelectric properties of materials are most directly observed via poling
hysteresis loops - external electric field applied vs measured material polarisation.
The key properties found from this experiment are the remnant polarisation at zero
7
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Figure 1.5: A ferroelectric hysteresis loop. /itE is the electric field applied to the
ferroelectric, and /itP is the resulting polarisation of the ferroelectric
applied field (y-intercept), and the coercive field necessary to induce switching (x-
intercept). A ferroelectric hysteresis loop is illustrated in Fig. 1.5.
Ferroelectrics are known for their large relative permittivities. This is easy
enough to intuitively understand - ferroelectrics have switchable polarisation; they
have great capacity to alter their structure to respond to electric fields, and in
doing this, the electric field does work on them, effectively shielding the influence
of the electric field beyond them. This results in a strong dielectric response. The
uncommonly high permittivities of ferroelectrics make them effective dielectric
components of capacitors and other devices. The dielectric properties of ferro-
electrics are explained in more detail in section 1.1.3 below.
As the ferroelectric effect is so critically dependent on the symmetry of the
crystal lattice, we always find in ferroelectrics a strong coupling between mechan-
ical and electric forces. This is easy to conceptualise, as any change to the crystal
lattice will necessarily change the dipole moment of the unit cell, causing a change
8
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in the ferroelectricity. This change can be continuous or it can be abrupt. All
ferroelectrics also display piezoelectricity and pyroelectricity as a consequence of
this strong coupling with the crystal lattice.
Pyroelectricity is the ability of a material to produce a voltage in response to
a change in temperature - the change in temperature alters the crystal lattice,
by thermal expansion or other methods, and this changes the polarisation vector
(remember that ferroelectrics always have polar crystal lattices). The net effect is
a potential across the crystal. This potential can be easily neutralised by move-
ment of charge however, making the effect temporary. Pyroelectricity has limited
technological applications, mostly being used in infrared sensors.
Piezoelectricity is the coupling of electrical and mechanical forces in a material.
Pressure, vibrations, or other kinds of physical stresses applied to the material
will generate an electric charge. The inverse is also true - any voltages applied
to the material will result in expansions or contractions of the physical crystal.
Piezoelectricity is illustrated in a cartoon in Fig. 1.6. Unlike pyroelectricity,
piezoelectricity is an important an widely used material property of ferroelectrics.
Piezoelectricity is quantified by the piezoelectric tensor, d. This quantity is a
tensor, and it acts between electric and mechanical factors. It describes via coupled
equations both the contribution to the electric displacement field, D of an applied
stress T, and (via its transpose) the contribution to strain, S of an applied electric
field, E:
D = dT + E (1.1)
S = sT + dT E (1.2)
where  is the matrix for permittivity at constant stress, and s is the matrix for
compliance at constant electric field. So in general, d is a third order tensor. There
are many elements of this tensor, and although a high coefficient in any of them
could be exploited in technology, usually the metric used to judge piezoelectric
materials is the component d33 which measures the field evolved in the z direction
9
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from an applied normal (ie - not shear) stress applied in the same direction. The
units of dij are mV
−1 or CN−1, with higher values representing higher polarisations
developing from smaller applied stresses. Higher values of dij also mean higher
mechanical deformations evolved from smaller electric fields, so a high value is
best for both types of piezoelectric application.
1.1.3 Ferroelectric Phase Transitions
As ferromagnetic materials are raised in temperature, they eventually reach a point
at which thermal energy is sufficient to randomise the direction of the individual
magnetic dipoles, creating a disordered array with no net magnetisation. This
effect is a phase transition and the temperature at which is occurs is called the
Curie temperature, TC . This thermal destruction of order can occur in ferroelec-
tric materials also, and the temperature is likewise called the ferroelectric Curie
temperature, TC . In ferroelectrics, in contrast to ferromagnetics, it is also com-
mon for a material to lose its ferroelectricity on heating due to a structural phase
transition into a centrosymmetric structure (ie, it is not the ordered directions of
the dipoles that has been destroyed, but rather the existence of the dipoles them-
selves). In this case, the temperature point at which ferroelectricity is lost is still
called the Curie temperature. The former kind of loss of ferroelectricity is known
as a displacive phase transition, the latter as an order-disorder phase transition.
Ferroelectrics near to the Curie temperature exhibit an extraordinary increase
in their piezoelectric coefficients[4] - smaller stresses cause larger polarisations.
Many devices benefit from high piezoelectric coefficients - sensors become more
sensitive, for example; spark elements can more easily create the voltages required
to form a spark, and energy harvesters increase in efficiency. Hand in hand with
the increase in piezoelectric coefficients comes a further extraordinary increase in
the dielectric permittivity, both of them experiencing resonant-type peaks at the
transition temperature. This increase in the piezoelectric and dielectric coefficients
is driven by the flattening of the energy landscape near to the transitions - the
potential energy levels of different polarisations and between different crystal ge-
ometries become very similar, and the barriers between them very shallow so they
require only small stresses to substantially alter their crystal structures. In other
10
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Figure 1.6: Cartoon depiction of piezoelectricity. Applied stress results in a po-
tential across the material, and conversely applied potential results in strain.
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Figure 1.7: The distinctive ‘Curie Weiss’ behaviour of the dielectric permittivity
of a ferroelectric material. The peak in the permittivity-temperature graph cor-
responds to the ferroelectric phase transition temperature. Both permittivity and
inverse permittivity are shown (figure reproduced with permission from [5]).
words, switching polarisation from one direction to another becomes very easy.
The behaviour of the dielectric permittivity of a ferroelectric material,
(Ba0.9Ca0.1)TiO3 is shown in Fig. 1.7, reproduced from [5]. This behaviour is
typical of ferroelectric materials, and is described by the Curie-Weiss equation:
1
r
=
T − TC
C
, T > TC (1.3)
where r is the relative dielectric permittivity, T is the temperature of the material
and TC is the Curie temperature of the material. C is some constant parameter.
The relative permittivity rises proportional to 1/(T − TC) above the Curie tem-
perature, peaks at the Curie temperature and then falls again afterwards.
Among the phase transitions of ferroelectric perovskites, transitions between
tetragonal and rhombohedral structures are of particular interest. In PZT, the
most commonly used ferroelectric, a transition of this type occurs as a function
of composition at around 48% Zr content (depending slightly on temperature).
The boundary is known as a morphotropic phase boundary (MPB). This MPB
separates a rhombohedral phase on the Zr-rich side from a tetragonal phase on
12
CHAPTER 1. INTRODUCTION
Figure 1.8: Phase diagram of lead zirconate titanate, emphasizing the mor-
photropic phase boundary (Reprinted by permission from Macmillan Publishers
Ltd: Nature[9], copyright 2004).
the Ti-rich side, and is thought to be mediated by a monoclinic phase between the
two[6]. Because of the rich variety of different unit cell polarisations all available to
the material on the cusp of this transition (6 [001] directions, 8 [111] directions plus
any other accessible to the intermediate monoclinic phase), polarisation switching
becomes very easy. The unusually flat free energy profile results in tremendously
enhanced piezoelectric coefficients in PZT of this composition[7][8]. Another added
advantage of MPBs of this type is that they are relatively flat with regard to
temperature. This means that any devices made with PZT of compositions near
to the MPB to take advantage of the enhanced properties will remain functional
over a wide range of temperatures. MPBs are commonly sought out in other
materials as an indicator of strong ferroelectric properties. Fig. 1.8 is reproduced
from [9]. It is a phase diagram of PZT, pointing out the MPB.
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1.1.4 Ferroelectrics in Technology
In technology, ferroelectric materials are currently used in: spark elements, such as
cigarette lighters or the lighter for gas stoves (taking advantage of the piezoelectric
effect); motion, sound and vibration sensors and actuators including types of mi-
crophone and car fuel injection systems (also taking advantage of the piezoelectric
effect); and also in miniaturised radio-frequency electronics. In this application, it
is the high dielectric permittivity rather than the piezoelectricity or ferroelectricity
that is important - to make a capacitor of similar capacitance at a smaller size, one
requires a dielectric material of higher permittivity. Ferroelectrics have also been
trialled in lab or field situations for use in energy harvesting applications, turning
impacts such as footfalls into electricity; and in non-volatile memory, storing bits
as the polarisation state of a ferroelectric. There are also suggestions in litera-
ture that ferroelectrics may play an important role in micro electrical-mechanical
machines in the future, if these become significant products. They could be used
to convert electrical signals into movement in such devices. Of the most current
economic importance are their use as transducers in all kinds of electronic devices
to sense and create motion[10].
As mentioned earlier, most of the ferroelectrics used in technology are made
from some composition of PZT, with modifications depending on what kind of
frequency, power, stability, mechanical properties etc. are required from it. And
while they are generally safe during the functional life of the product, both the
manufacture and the disposal of the product containing PZT becomes a health
and safety issue due to the lead content. There are also some concerns about the
use of lead in medical electronics. Lead is, of course, a highly toxic chemical to the
human body, even in small amounts. Lead-based damage to the nervous system
is particularly dangerous, as it is largely irreversible.[11]
The health risks associated with lead in piezoelectrics has prompted lawmakers
in many countries to order a gradual phase out of lead-containing materials in all
electronic devices. In the European union, the ‘Restriction of the Use of Certain
Hazardous Substances’ act 2006 and the ‘Waste from Electrical and Electronic
Equipment’ act of 2005 restrict the manufacture of lead containing products [12].
However, due to the unsuitability of currently available lead-free piezoelectrics,
14
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an exemption is given to PZT in this legislation.This exemption is given in the
expectation of a suitable replacement being developed to eventually replace it.
This has driven commercial, and commercially focused government research groups
to devote research to finding a functional lead-free piezoelectric, as there is a
guaranteed market for such a new product. China, Korea, and some states of the
USA have also introduced legislation against lead-containing piezoelectrics.
A body of research has been done on trying to find other perovskite systems
that display piezoelectric properties of a similar strength to PZT, with some suc-
cesses. The NaxBi1−xTiO3-BaTiO3 and KxNa1−xNbO3 systems both show some
promise, although neither is as good as PZT. Lead has shown itself to be con-
ducive to stronger piezoelectric properties than other elements. No material with
stronger piezoelectric properties than the lead based systems has yet been found,
and it is reasonable to expect that continuing to search for replacements on a
purely chemical basis may never yield the desired results. Computations based on
synchrotron x-ray diffraction data show an unusually strong binding between the
lead ion and the oxygen ions in lead titanate crystals, which is thought to be in
part responsible for the high piezoelectric properties shown in PZT[13].
Fortunately, chemical substitution is not the only avenue of exploration open
to us. It has long been known that nanoscale materials behave differently to the
bulk due to increased surface energy, quantisation of energy levels and symmetry
breaking. Research into the properties of ferroelectrics and piezoelectrics at the
nanoscale are a promising direction for lead-free material discovery and enhance-
ment. Lattice strain is also an interesting avenue of research, crystals that are
externally constrained in their lattice constants have different lattice dynamics
and properties than their fully relaxed bulk forms. In this work, both nanoscale
modifications and lattice strain are tested for their effects on ferroelectric proper-
ties of materials.
1.2 Raman Spectroscopy
The technique of Raman spectroscopy is based on the Raman scattering, a type of
inelastic scattering of light from materials. This type of scattering was discovered
15
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Figure 1.9: A Raman scattering event: incoming light interacts with a vibrational
mode of the molecule, and is scattered with altered energy (frequency). Compare
this with Rayleigh scattering, where scattered energy is the same as incoming.
by, and named after C. V. Raman in 1928. When light is incident on a material,
several things may happen. Most commonly, the light may be reflected, it may be
transmitted through the material, or it may be absorbed by the material (typically
by an electron promotion). Rarely, the light will be scattered not through the
normal Rayleigh process but by interaction with a third entity, a normal vibrational
mode in a molecule (or crystal). This is Raman scattering, and it is approximately
107 weaker than Rayleigh scattering. A Raman scattering event is illustrated in
Fig. 1.9.
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1.2.1 What is a phonon?
Atoms in molecules or crystals cannot vibrate independently. They are linked by
bonds to other atoms, and as such only a finite number of vibrational patterns can
be stable for any given structure; all others will decay rapidly with time. The sta-
ble vibrational patterns are known as the normal modes of the molecule or crystal.
The normal modes can be characterised by a set of displacement vectors detailing
how each atom moves in that vibration. Each normal mode has a characteristic fre-
quency (which is representative of its energy), wavevector (which is representative
of its momentum), and symmetry associated with it. In crystals, periodic bound-
ary conditions apply, further restricting the allowed vibrations. Normal modes
are oscillators, and as such their energy is quantised as E = (n + 1/2)~ω. It is
the energy quanta of these normal mode oscillations that we call phonons. The
name is chosen to be analogous to photons, as the two concepts are very similar -
photons count the excitation number of normal electromagnetic radiation modes
inside blackbody cavities, and phonons count the excitation number (n) of nor-
mal vibrational modes in molecules or crystals. Saying that n phonons of a given
wavevector, frequency and symmetry are present in a crystal is therefore another
way of saying that the normal oscillation mode in the crystal corresponding to
that wavevector, frequency and symmetry is in the nth excited state. Phonons do
not have a well defined spatial extent. They persist in a delocalised state in the
crystal, over the area for which the periodic boundary and symmetry conditions
hold. In Raman scattering, it is these vibrational normal modes that scatter the
incident light. A phonon is illustrated in figure 1.10.
1.2.2 Raman scattering
In solids, first-order Raman scattering involves (in addition to the incident and
scattered light) either the creation of a new phonon, or the absorption of an existing
phonon in the material upon which the light is incident. The former is called
Stokes scattering, and the scattered light has a lower frequency(energy) than the
incident. The latter is called anti-Stokes scattering, and the scattered light has
a higher frequency than the incident. It is also possible to have multiple-phonon
scattering, where the incident light interacts with more than one phonon. This is
17
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Figure 1.10: Phonons. Shown above is a normal vibrational mode of a 1d crystal.
Below - two different energy levels of this vibration, wavefunction vs displacement.
Left - the first excited state left (one phonon) and right - the second excited state
(two phonons).
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Figure 1.11: In Stokes scattering a vibrational mode in the material gains an
energy level (phonon) and the scattered light has lower frequency (energy).
known as second (or higher) order Raman scattering. It is weaker and broader in
frequency than first order scattering. In higher order Raman, it is possible for both
creation of phonons and annihilation of phonons to occur in the same scattering
event. Figs. 1.11 and 1.12 illustrate Stokes and anti-Stokes scattering respectively.
There is a strong difference in intensity between Stokes and anti-Stokes Raman
scattering. For Stokes scattering to occur, there needs to be an occupied low-
energy vibrational state in the material the incident light strikes, and a vacant
high-energy vibrational state for it to move into. The Stokes scattering probability
is accordingly proportional to the number of low-energy vibrational states that are
occupied in the material, and the number of high-energy vibrational states that are
vacant. Conversely, the anti-Stokes scattering probability is proportional to the
number of vacant low-energy states, and of occupied high-energy states. Typically
at room temperature, the number of occupied low-energy states in materials is far
greater than the number of occupied high-energy states, and so Stokes scattering
is much more intense than anti-Stokes scattering. At elevated temperatures, anti-
Stokes scattering can be more intense. In fact, from the ratio of Stokes to anti-
Stokes scattering in a sample, the temperature of the sample can be deduced.
Unlike fluorescence, Raman scattering is an instantaneous event. The sys-
tem does not go through an intermediate excited state between the incident and
scattered light. It therefore preserves momentum and polarisation, and does not
require a physical state at energy E + ~ω (the incoming light energy) in order to
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Figure 1.12: In anti-Stokes scattering a vibrational mode in the material loses an
energy level (phonon) and the scattered light has higher frequency (energy).
occur. 1 The presence of a physical electron transition in a material at an energy
near to the excitation light’s energy ~ω however, does increase the scattering cross
section. This is known as resonant Raman spectroscopy. The phenomenon cannot
be described in the classical picture, but comes out naturally from the full quan-
tum and semi-classical mathematical formulae (in the semi-classical treatement,
the electric field is continuous rather than quantised). Sticking to the tunneling
analogy, the electron state lowers the barrier height between the incoming and
Raman scattered light, thus increasing the tunneling probability (in tunneling one
can lower the barrier sufficiently that the wave could find itself in the barrier re-
gion, and here the metaphor breaks down because resonant Raman spectroscopy
can still never cause the material to exist in the ‘virtual state’).
The full mathematical treatment of resonant Raman scattering is beyond the
scope of this thesis, but for a fuller understanding it is useful to examine the semi-
classical equation for a given element of the Raman polarisability tensor. Such a
treatment is found in appendix B of this thesis.
Not all phonons are Raman active. In order for a Raman scattering event to
occur, there are certain symmetry conditions that must be fulfilled. First, Raman
1Many descriptions of Raman scattering explain it in terms of an intermediate ’virtual state,’
but I personally dislike this visualisation – it was a source of confusion for me. The virtual state
is merely a mathematical construction. The system spends no time in this state; one can never
observe the system in it. It makes no more sense than to say that a particle in a double well
physically passes through the barrier - it does not. Its wavefunction on either side of the barrier
penetrates through it into the other allowed state and it seamlessly switches from one state to
the other.
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scattering is related to the polarisability of molecules and materials. The polaris-
ability relates the expressed polarisation of an object to the applied electric field,
in the form of a second rank tensor. The Raman cross section, R, is proportional
to the first order derivative of the polarisability tensor with respect to the phonon
displacements,
R ∝ ∂χ/∂G (1.4)
where χ is the polarisability tensor and G is a tensor describing the phonon dis-
placements. If the partial derivative is zero for a mode, then it does not Raman
scatter light. The displacements of the phonon mode must therefore alter the
polarisability in order to undergo Raman scattering for the phonon in order for
it to show Raman scattering. Secondly, the intensity of Raman scattered light is
proportional to the inner product of the unit polarisation vectors of the incoming
and outgoing scattered light:
I ∝ (ei ·R · es) (1.5)
where ei and es are the unit polarisation vectors discussed above. Thus, vibrational
modes described by G may be visible in some polarisations of Raman measurement,
and invisible in others.
So, some phonons are completely Raman silent, and others may only be ac-
cessed with particular polarisations of incoming and scattered light. What can be
seen in Raman is, however, more than enough to make it an effective technique
for chemical fingerprinting and (with the aid of computational models) structural
determination. Experimentally, polarisation rotators are used to control the polar-
isation of incident laser light, and polarisors are used to remove from the scattered
light all polarisations except that which is to be measured.
Because of the significant effect of polarisation on Raman measurements, there
have been several formalisms developed for describing the polarisation condition
of measurements. In this thesis, the following convention is used: Labels have the
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form i(jk)l where i, j, k, l are each one of x, y, or z geometrical diretions. Typically,
z is chosen to be parallel to the [001] axis of crystals, and x and y are perpendicular
to z and to each other in the usual right handed manner. In all instances in this
thesis, we denote x, y, and z as [110], [110] and [001] respectively. The first letter,
i, describes the direction of motion of the light incident on the sample, and the last
letter, l, describes the direction of motion of the scattered light that is collected
by the spectrometer. j is the direction of the electric field vector of the incoming
light, and likewise k is the direction of the electric field vector of the scattered light
that is collected by the spectrometer. So, for example, the label x(yz)−x denotes
an exciting laser beam along the [110] axis with electric field vector pointing along
[110], and scattered light travelling back along the [110] axis with electric field
vector pointing along [001]. So - in other words it is a back-scattering geometry
which measures the Raman scattering polarised in-plane perpendicularly to the
incident beam.
The symmetry conditions of Raman scattering are different to the symmetry
conditions for infrared absorption, which is another technique used to probe vi-
brational modes. Because they are different, the two methods can complement
each other, revealing more about the material by the use of both techniques. It is
however entirely possible for a phonon mode to be active in both Raman and IR,
and likewise for it to be inaccessible to both.
1.2.3 Spectroscopic method
The most easily observable result of Raman scattering, then, is scattered light
with an altered frequency. If one excites a material with light of a single wave-
length, then one can collect the scattered light, then disperse it by wavelength
and measure the intensity of the dispersed light at each angle. Once the light of
the excitation frequency is removed, the resulting spectrum shows the intensity of
Raman scattered light, resolved by the frequency of the wave. The energy shift of
the scattered light is numerically equal to the energy of phonons that are present
in the material (and Raman active). Therefore, a Raman spectrum shows the en-
ergy of phonons in the measured material. A Raman spectrum of silicon is shown
in Fig. 1.13. You can see the Rayleigh scattered light, the Stokes scattering from
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Figure 1.13: Raman spectrum of silicon. The Rayleigh scattered light can be seen
in the centre, the Stokes scattered light on the right and the anti-Stokes scattered
light on the left. Note that this means that light of higher frequency is on the left
of the spectrum, not the right - ie, Raman shift is equal to the negative of the
change in frequency. This is the usual way that Raman spectra are displayed. The
arrows in the spectrum show the cut off points provided by the notch filter. The
Rayleigh scattered light is in fact much stronger than is shown here - it is being
heavily attenuated.
silicon modes and the anti-Stokes scattering from silicon modes Both first and
second order scattering can be seen.
The technique can be augmented in various ways to increase its functionality
or its power. For example, one can finely control the polarization of the incoming
light and measure the polarisation of the scattered light to find out the orientation
of single crystal samples and the symmetry of the phonon modes. Confocal mi-
croscopy is also compatible with Raman spectroscopy, allowing Raman to probe
very small regions and build up 2D or even 3D images of chemical information
on length scales of 1 micron. It is possible to build temperature- and pressure-
controlled cells in which to carry out experiments also - one need only to have an
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optically transparent window. This allows temperature and pressure dependent
Raman spectra to be measured which is useful in studying phase transitions. One
can also increase the scattering cross-section of Raman spectroscopy by using res-
onant Raman spectroscopy or surface enhanced Raman spectroscopy techniques -
of which more later.
The technique is often used as a fingerprinting method for chemical identifica-
tion, along with IR spectroscopy. But for our research, we are most interested in
it because it give us information about the structure of crystals. Shifts in param-
eters such as unit cell volume, c/a ratio, defect density etc. can result in changes
to the Raman shift, strength and width of phonon peaks, and changes in crystal
symmetry can cause more drastic changes, making new peaks appear, disappear,
split or merge. The Raman spectrum of a crystal can therefore be used as a proxy
for direct structural measurements (such as XRD), with theoretical models linking
specific changes in vibrational states to changes in structure. It is these changes
that will track as we apply external stresses to the ferroelectric materials we are
studying.
1.2.4 Soft mode spectroscopy
One particular feature visible in Raman spectra that is notable around structural
phase transitions in crystals is a phenomenon known as a soft mode. Excellent
descriptions of soft modes and of their experimental uses are given in [14] and[15].
Soft modes are a particular kind of normal vibrational mode in crystals, whose
(oscillating) set of displacement vectors are the same as those static displacement
vectors that lead to a phase transition. In other words, if one were to take the
current crystal structure, and impose upon that cell the displacements that de-
scribe the soft mode vibration, you would end up with the new structure. This is
illustrated for a cubic to tetragonal phase transition in a perovskite in Fig. 1.14.
At the phase transition temperature, this is in fact exactly what happens. As T
tends towards TC , the frequency of this vibration collapses towards zero and the
crystal lattice is left in the distorted state.
Looking at this from an energy perspective, as the phase transition is ap-
proached, the difference in potential energy of one structure to the other tends
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Figure 1.14: Soft phonon mode for the cubic-tetragonal phase transition in a
perovskite. The atomic displacement vectors for the vibration match those for the
transition.
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Figure 1.15: Real data showing the frequency of the anti-ferrodistortive soft mode
in SrTiO3. The temperature Ta in the figure is the temperature of antiferrodis-
tortive phase transition in STO. Note that the frequencies are in this case measured
by infrared spectroscopy. Figure reproduced with permission from [14].
towards zero, as does the energy of the barrier between them. We know this must
be true, as the most stable structure changes when we cross the phase transition.
With the energy barriers becoming so shallow, the restoring force acting on atoms
in the soft-mode vibration gets progressively weaker. In an oscillator, this means
a slower vibration.
The mechanics and behaviour of soft modes is intimately related to structural
phase transitions, and the theory is not trivial. However, it is sufficient for our
purposes to note that a mode whose frequency collapses towards zero as tempera-
ture is changed is an indication of a phase transition, and it turns out to be a very
good one too: its rapid rate of change at the critical point allows a high degree of
precision in measuring the transition temperature (or more generally, the critical
value of any transition parameter). Fig. 1.15 shows a phase transition in strontium
titanate (the cubic to anti-ferrodistortive one), and is reproduced from [14].
One final point that must be made in the Raman measurement of this phe-
nomenon is that it is not always the case that the soft mode is Raman active, and it
is not always the case that, should it be Raman active, it is Raman active on both
sides of the phase transition. A transition may easily alter the symmetry of the
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crystal, and consequently the soft mode, which may make it symmetry disallowed
to Raman scattering.
In this thesis, I have used the technique of Raman spectroscopy as a tool to
study various ferroelectric systems, with a view to developing new materials which
have better properties, and are free of lead.
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Background Information
This chapter covers important background information about the material systems
being studied. For the BNT-BT system and for lead titanate nanowires, only a
brief introduction will be required, but for the STO thin films, a much more
extensive review of the available literature is necessary. There are numerous reports
of Raman studies of STO, but great variation is shown in the Raman spectra. It
will take great care to pick through the available literature, and link features in the
Raman spectra to structural, chemical and ferroelectric properties of thin films.
Complicating the job is the fact that Raman spectra of strained thin films are
very difficult to acquire experimentally, so there is a lack of direct comparisons.
Instead, spectra of un-strained STO have to be used for the purpose of comparing
and interpreting the results that we get. Accordingly, background information on
STO will take up the majority of this chapter.
2.1 Bi0.5Na0.5TiO3 – BaTO3 system
Chapter 4 of this thesis covers experiments performed on ceramic samples, both
poled and depoled, of the Bi0.5Na0.5TiO3 – BaTO3 (BNT-BT) system at various
bismuth concentrations.
BNT-BT is one lead-free system that has shown some promising ferroelectric
properties. Like PZT, it is a solid solution of two perovskite structured materi-
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als. the materials are sodium bismuth titanate (BNT) with barium titanate (BT).
There are many similarities between PZT and BNT-BT. The ions of lead and bis-
muth are very similar in terms of their size and their number of electrons, including
a lone electron pair which is thought to strongly contribute to piezoelectric lattice
distortion. However, BNT-BT does not display the same strength of piezoelectric
response that PZT does. By comparing PZT to similar materials that do not
exhibit such remarkable piezoelectric response, one can gain better understand-
ing of the sources of the response. This understanding can then be applied when
searching for candidates for new piezoelectric materials, or when engineering op-
timal properties in existing ones. This provides motivation for the study of the
BNT-BT material system.
BNT-BT has chemical formula (Na0.5Bi0.5)1−xBaxTiO3. The 0% BT end-
member has 50% of a-sites occupied by Na ions, and 50% occupied by Bi. The
b-sites are all occupied with Ti ions. The addition of BT to the solid solution
replaces Na and Bi with Ba ions while preserving the 1:1 ratio of Na to Bi. The
material fabrication, and the phase transitions measured by bulk electrical mea-
surements were reported by Takenaka et al. in 1991[16], and this represented an
effort to create a material with a MPB by mixing a rhombohedral ferroelectric with
a tetragonal one. BNT-BT is cubic at high temperatures. At low temperatures
and x < 5% the material is rhombohedral and ferroelectric. At low temperatures
and x > 6% the material is tetragonal and ferroelectric. Between the two low
temperature phases, somewhere between 5% and 6% barium content there is in-
deed a morphotropic phase boundary, which is similar to what is observed in PZT.
Takenaka also identified a region of unknown polar behaviour, and labeled it as an
anti-ferroelectric region (of unknown structure) in the phase diagram between fer-
roelectric low temperature phases and the paraelectric cubic phase for x < 15%,
which is a departure from the form of the phase diagram for PZT. Acceptable
piezoelectric constant d33 values of 125×10−12 CN−1 near the MPB at room were
found, although this is still a long way from the d33 values of PZT which typically
lie between 300 × 10−12 CN−1 and 600 × 10−12 CN−1. Takenaka et al.’s phase
diagram is reproduced from [16] in Fig. 2.1. Please note that this is an early view
of the phase diagram which is considered wrong in many respects today. I show it
to emphasise what was thought previously to my research on BNT-BT, and how
my work has changed understanding of this material.
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Figure 2.1: An early (1991) phase diagram of BNT-BT produced by bulk electronic
measurements. Note the morphotropic phase boundary between the Fα and Fβ
phases, and the triple point between those two phases and the AF phase (the top
phase marked P is a paraelectric cubic phase). Although this phase diagram is now
considered substantially incorrect, I include it to illustrate the state of knoledge
of BNT-BT prior to my research. Copyright 1991 The Japan Society of Applied
Physics, figure reproduced with permission from [16].
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2.2 Lead titanate nanowires
Chapter 5 of this thesis concerns experiments performed on nanowires made of
lead titanate (PT). Lead titanate was one of the first widely used and produced
ferroelectric materials. It is an end member of the now far more common PZT
solid solution. The material is well characterised, and well understood on macro-
scopic scales. There is, however, more scope for new research examining nanoscale
structures of this material.
In nanowires, there exist many reasons to expect different behaviour from the
bulk. There is a far greater ratio of surface atoms to bulk atoms in the nanowires
compared to macroscopic ceramics giving greater instability to the material. The
non-flat surfaces may also cause strain on the PT. There is a unique direction
in the nanowires, and different symmetry than in the bulk material. The overall
smaller scale will cause restrictions on the kind of patterns that can be adopted
by mesoscopic structures such as domain walls and cystal grains. The result of
these factors can be profound, and lead to new types of behaviour, including the
emergence of new phases and phase transitions.
While it is true that this material is lead based, there are advantages to testing
how a well understood system responds to these types of changes before diving
into new materials. The knowledge gained will allow us to more effectively direct
research in the future.
The particular nanowire samples studied in this work are synthesised through
an unusual method, beginning with hydrothermal synthesis of nanowires in the
‘PX’ phase. The PX phase of lead titanate forms fibrous crystal bodies rather
than a bulk solid crystal. TEM images of PX-phase wires have shown them to
be single crystalline and rectangular prism-like in cross section. Previous work by
the author and others had identified an unusual crystal structure in this phase as
well[3]. First principles density functional theory computations were performed
to match the structure to XRD spectra and to polarised Raman spectra of the
hydrothermally synthesised wires (these calculations were not the contribution of
the author of this thesis). Fig. 2.2 shows the structure. The crystal structure has a
large unit cell with eight stoichiometric units in the cell. It consists of edge-shared
TiO6 octahedra and edge-shared PbO5 pyramids; the pyramids and the octahedra
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Figure 2.2: Structure of ‘PX’ phase of lead titanate, found in nanowires. Left:
space filling geometrical model, and right: balls and sticks atomic model. Note
the unusual gap in the structure, giving significantly reduced density in this phase.
Reprinted (adapted) with permission from [3]. Copyright 2011 American Chemical
Society.
are corner shared. It is a very different structure from the perovskite phase. Most
interesting of all is the fact that there is a gap in this unit cell. An area in the
middle of the cell has no atoms in it, a gap of minimum length 5.529 A˚between
two lead atoms. When the full crystal is built up by translation of the unit cells,
these gaps line up and form cohesive channels through the material. One effect of
these channels is that the density of this lead titanate phase is significantly less
than the perovskite phase (6.87 g/cm3 vs 7.97 g/cm3). That difference in density
causes some surprising results when the PX wires are transformed into the denser
perovskite PT phase.
The wires can be transformed into normal perovskite phase lead titanate by
annealing in air at 540 ◦C, and when they are, they retain the nanowire morphology.
Fig. 2.3 shows an SEM image of the annealed wires. This method of synthesis,
contribution of Jin Wang, therefore is a new way of growing nanowires of lead
titanate, which may have important technological applications. The structural
perfection of these wires was unkown. It was expected that there may be large
amounts of stacking defects in the nanowires due to the transformation into a more
dense crystal structure.
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Figure 2.3: SEM image of PT nanowires produced via annealing of the less dense
PX phase nanowires. The nanowire morphology can be seen to be retained through
the annealing process.
Since Raman spectroscopy is an excellent tool for attaining structural informa-
tion (by proxy) on small length scales, we decided to use this to try and detect
signs of imperfections. One sign in particular that would be an easy to see indica-
tion of disorder in the wires is a lowering of the cubic-tetragonal phase transition
temperature. So we performed temperature dependent Raman spectroscopy mea-
surements on these wires to find out if that was the case.
Shown in Fig. 2.4 are Raman spectra of lead titanate single crystals at room
temperature for reference, showing the spectrum of tetragonal PT. Cubic PT has
no Raman active first order modes. The figure is reproduced from [17].
2.3 STO Thin Films
Strontium titanate is an interesting material case. It has been studied for many
years due to its rich variety of phases displaying ferroic behaviour. These include
anti-ferrodistortive[18], ferroelectric, anti-ferroelectric[19], and ferroelastic[20], each
being expressed under the appropriate conditions. It is the ferroelectric properties
that we are most interested in in the current study.
Like PT and BNT-BT, STO is a perovskite crystal, but unlike those mate-
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Figure 2.4: Raman spectrum of tetragonal (and ferroelectric) lead titanate for
reference. The cubic (paraelectric) phase of lead titanate has no first-order peaks.
c©2007 IEEE, Figure reproduced with permission from [17].
rials, pure STO has no ferroelectric phase, even down to 0 K. It does, however,
display incipient ferroelectric behaviour (where the material is close to undergoing
such a transition) at low temperatures. This can be seen in the behaviour of its
dielectric susceptibility, and of its ferroelectric soft mode. The dielectric suscepti-
bility of STO follows Curie-Weiss behaviour from high temperatures, apparently
rising with a predicted Curie temperature of 38 K. However, below about 70 K,
a deviation from Curie-Weiss behaviour is observed. The permittivity stops in-
creasing, and instead levels out and becomes constant below 5-10 K [21]. The soft
mode likewise starts softening as temperature is decreased, but the frequency sta-
bilises and never completely softens [22]. This kind of behaviour has been called
quantum paraelectricity, and is attributed to quantum fluctuations supressing the
ferroelectric phase transition[23].
It does not take very much to overcome the quantum fluctuations and induce
ferroelectricity in STO however. Electric fields, increased pressure, lattice strain,
Ca substitution and 18O isotopic substitution have all been shown to induce ferro-
electricity in STO. STO is in fact very finely balanced, at a critical point between
ferroelectricity and paraelectricity. Because of this, it makes a great playground
in which to explore the mechanics of ferroeletricity and the influence that various
factors have on it.
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Lattice strain is one such factor[24][25], and is is of great interest in technolog-
ical applications. It is achieved by epitaxial growth on top of lattice-mismatched
substrates, which can be relatively easily integrated into manufacturing processes.
The 2D geometry also integrates well with existing electronic devices. Other ad-
vantages of this factor are the lack of other chemical modifications of the ferroelec-
tric material required, and with it the need for fine control of dopant quantities,
the ability of this factor to function well on the micro and nanoscales, and the
passive nature of this factor, as compared to pressure or electric field induced fer-
roelectricity. One should be clear - there is no great interest in fabricating piezo-
or ferroelectric elements out of STO. Even with the best improvements, it still
falls well short of the properties of PZT, or even of other less able piezoelectrics
that see use. The interest here is to understand the effect of lattice strains upon
ferroelectrics, with a view to using this factor to improve other materials which
already display appealing properties.
The interest in lattice strain in STO followed on from observations of a ferro-
electric phase transition occurring in STO under high pressure[26]. The effect of
high pressure is to compress one or more of the crystal lattice constants, possibly
preserving or possibly altering the symmetry of the unit cell. High pressure envi-
ronments are impractical for most applications - they are tricky to maintain, and
volatile. But lattice strain can be used to create an analogous compression of the
crystal axes without the need for an externally pressurised environment. An ad-
ditional advantage is that lattice strain can also create a corresponding expansion
of crystal lattices, an option not available to pressure manipulation.
Chapter 6 of this thesis reports results of experiments performed on thin
strained films of strontium titanate. The goal was to measure and understand
the effect of lattice strain on STO through any changes visible in the Raman
spectrum, particularly focused on the ferroelectric phase transition. In order to
understand and make inferences from the spectra we recorded, there is a wealth
of literature that must be presented. The important background for interpreting
the Raman measurements is given in this section.
Pure single crystals of STO are cubic at room temperature[27]. At 105 K, they
undergo an anti-ferrodistortive (AFD) phase transition which is characterised by
rotation of the oxygen octahedra about the c-axis in the material[28]. Adjacent
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Figure 2.5: Left: crystal structure in the cubic phase of STO, z-projection. Right:
crystal structure of the AFD phase of STO characterised by anti-phase rotation
of adjacent oxygen octahedra about the z-axis. Note the doubling of the unit cell
caused by this transition.
octahedra rotate in opposite directions, resulting in an expansion of the unit cell,
and reduction of symmetry. This distortion is illustrated in Fig. 2.6. The material
after this transition is no longer isotropic, but it is still paraelectric. And as men-
tioned in a previous section, the material shows signs of a frustrated ferroelectric
phase transition at temperature below 35 K, and a ferroelectric phase of this ma-
terial is accessible by various perturbations. The ferroelectric phase usually has an
orthorhombic structure, and Raman spectra have been taken of it in this phase so
we have examples for comparison. With no alterations to the perfect bulk crystal
however, STO undergoes no further phase transitions.
Some of the earliest attempts at creating thin films of STO were unsuccess-
ful, yielding films with greatly reduced permittivity, and it was discovered in later
years that this was due to bad film growth quality - small grain sizes with large
grain boundaries, cracking and delaminating faults, dislocation defects etc. The
poor crystal quality had a huge effect on the electrical properties, suppressing
ferroelectricity and dielectric permittivity[29] and hardening the ferroelectric soft
mode[30]. As this was recognised, and better film growth methods were applied,
results started to improve[31]. Modern interest in ferroelectric STO, and in strain-
engineering of ferroelectrics was sparked by a paper in Letters to Nature in 2004[1].
The authors, Haini et al., had grown thin films of STO via reactive molecular beam
epitaxy on DyScO3 (DSO) [110] and (LaAlO3)0.29×(SrAl0.5Ta0.5O3)0.71 (LSAT)
[100] substrates. These substrates had lattice mismatch of +1% and -0.9% re-
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spectively. The films were 50 nm thick, low enough to limit the amount of strain
relaxation. They then performed dielectric measurements on the material, and
found a very strong and clear peak in the dielectric permittivity of the STO/DSO
sample, peaking at 293 K with a value of nearly r = 7000. This was a strong in-
dication of a ferroelectric phase transition, raised from below zero to almost 300 K
- a hugely significant increase in phase transition temperature. They did not find
evidence of ferroelectricity in the STO/LSAT film. Further confirmation of ferro-
electricity in these films in the form of polarisation hysteresis loops was provided
later by [32]. Much work has been done since then, both theoretical and experi-
mental on strained thin films of STO, and other materials in order to understand
and reproduce this enormous enhancement of Curie temperature. But, due to ex-
perimental difficulties, little work has been reported on Raman measurements of
strained STO thin films. This work presents temperature dependent Raman spec-
tra on STO strained on three different substrates, relating them to other types of
measurements and to theory.
2.3.1 Enhancing Raman signals from thin films using UV excitation
While methods of thin film growth and fabrication are well established, methods
for characterising thin films are more difficult to achieve. It is difficult to detect
the signal from such small layers as < 100 nm, and traditional methods are being
replaced. Raman spectroscopy is no exception. Measuring the spectra of strained
thin films presents us with difficulty experimentally: the scattered intensity mea-
sured from such films is greatly reduced compared to bulk, this is due to the much
smaller scattering volume that the laser is able to address. The scattering volume
for a typical laser Raman spectroscopy experiment has a cross sectional area on
the order of a 1µm diameter circle, and its extent into the sample is dependent
upon the optical absorption of the material. Silicon, as an example material has
an attenuation length of several micron in the visible part of the electromagnetic
spectrum. In the case of a 100 nm thin film however, the penetration is limited to
100 nm, resulting in a scattering volume that is smaller by an order of magnitude
or more. Films used in this study are between 30 nm and 100 nm thick.
Though annoyingly long and time consuming, the former problem could be
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solved by increasing integration times for each measurement. Other factors such
as stability of the sample, temperature controller and laser power have to be consid-
ered in such measurements, and any experiment requiring repeated measurements
at slightly different parameters (such as temperature dependence) becomes agoniz-
ingly time consuming. However, for strained thin films we are faced with another
compounding problem - interference from the substrate.
When the laser light has penetrated through the thin film, it doesn’t just go
away. It travels further into the substrate, where it can and will undergo Raman
scattering processes, and get collected by our spectrometer and obfuscate the signal
from the thin film. For most applications, one can solve this problem simply
by using a material which is Raman inactive. However for the measurement of
strained thin films, one is severely limited in what substrate materials one can use.
One needs to select a substrate with the exact right lattice spacing and geometry,
while keeping within an acceptable range of mechanical and chemical inertness
parameters. The thermal expansion of the substrate must be considered as well.
It is therefore rare that one has the luxury of choosing a Raman inactive material,
and in fact with each substrate used in this study, there is a prominent Raman
signal from the substrate material that must be dealt with.
For these reasons, it is highly desirable to investigate the possibility of enhanc-
ing the amplitude of the Raman signal from thin films, as well as the contrast over
the substrate. The method we chose used ultraviolet (UV) excitation to reduce
the penetration depth for greater surface selectivity. UV Raman spectroscopy is
done the same way as normal Raman spectroscopy, except that the laser used for
excitation is in the UV region of the electromagnetic spectrum. The technique,
and its application to ferroelectric thin films was brought to attention by an article
in Science magazine in 2006[33].
UV excitation has three main advantages over visible excitation for collect-
ing Raman spectra from thin ferroelectric films. First of all, our materials of
interest: the ferroelectric perovskites, while largely transparent in the visible, are
strongly absorbing in the UV. Penetration depth of optical fields into the material
are greatly reduced as a consequence. For example, in the ferroelectric material
BaTiO3, penetration depth (1/α) at 514.5 nm (green) excitation is on the order of
several micron, whereas at 325 nm (ultraviolet) excitation the penetration depth
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is reduced to about 50 nm. This absorption drastically reduces the scattering from
the substrate, this scattering being one of the main obstacles to measuring signals
from thin films. The second main factor in the advantage of UV is that ferroelec-
tric materials tend to have band gaps in the region of 300-350 nm. The presence of
allowed electron transitions near the energy of excitation (and, as Raman scatter-
ing alters only slightly the light wavelength, near the energy of the scattered light
too) results in a resonant enhancement of Raman scattering. Lastly, all Raman
scattering increases with increasing excitation frequency, there is an ω4 factor in
the equation for scattering cross section[34]. The first of these three factors is spe-
cific to the materials being studied (though it would apply to other wide band-gap
materials also), the second applies specifically to thin film systems, and the third
factor is of general application to the measurement of weak Raman signals.
However, UV has disadvantages as well, mostly related to greater losses in
optical elements such as lenses and mirrors at this frequency compared to visible
light. In particular, it is difficult to craft lenses with high numerical aperture in the
UV. Specialised mirrors and mirror coatings can be crafted with reflectance nearly
as good as visible light mirrors, but it is much harder to find suitable materials
with high refractive indices in this region of the spectrum. The advantages of
UV measurements are offset by the poorer optical transmission through excitation
of the sample, and collection of the Raman scattered light. These experimental
drawbacks make UV Raman worse overall for most applications, hence the more
common use of visible or near infrared excitation light.
The experimental apparatus for making the UV Raman measurements were
designed and created for use in the measurements of STO thin films, details are
provided in section 3.2.3. The method was successful, allowing us to reveal new
information about lattice dynamics in our STO samples.
2.3.2 Raman features of STO
Although only a limited number of Raman spectra of strained STO thin films have
been published so far, it is important for the interpretation of our Raman spectra
that we have a solid understanding of the Raman features of STO under all kinds
of perturbations. What follows is a list of Raman features of STO available in the
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literature.
Second order features
In the cubic phase of STO (highest temperature phase), only second order
features are present in the Raman spectrum[27]. First order features are Raman
silent due to symmetry considerations. There are four notable bands visible. At
room temperature, these bands are:
• 80 cm−1 narrow peak
• 250-450 cm−1 broad band. Multiple peaks
• 600-750 cm−1 broad asymmetric band. Multiple peaks
• 1040 cm−1 weak broad peak
As temperature decreases, the 80 cm−1 band decreases in intensity, becom-
ing undetectable below 40 K. the 250-450 cm−1 band also undergoes dramatic
changes upon lowering temperature, becoming asymmetric, losing much of its
high-frequency intensity. The 600-750 cm−1 lowers in intensity but is otherwise
unaltered with dropping temperature, and the 1040 cm−1 band does not change at
all. Fig. 2.6 is reproduced from [27] and shows the second order features in STO,
as they vary with temperature.
First order hard modes associated with AFD distortion
Once STO has undergone its AFD distortion, the lowering of symmetry acti-
vates several first order Raman modes. The doubling of the unit cell caused by
this distorion folds vibrational modes from the R-point of the cubic Brillouin zone
to the zone centre in the AFD Brillouin zone. These modes therefore become Ra-
man active, as the momentum conservation condition is now satisfied in the new
symmetry.
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Figure 2.6: Temperature dependent Raman spectra of STO. The spectra have
been vertically offset for ease of viewing. The second-order features and R-point
modes activated by the AFD transition can be seen in these spectra. Reprinted
with permission from [27]. Copyright 1968, American Institute of Physics.
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• 145 cm−1, symmetry Eg in tetragonal phase
• 230 cm−1, symmetry B2g in tetragonal phase
• 450 cm−1, symmetry B1g in tetragonal phase
These modes appear suddenly in the spectrum after the STO undergoes an
AFD phase transition and the remain reasonably constant in amplitude and in
frequency down to 0 K. These modes can be seen in the spectra of Nilsen and
Skinner, Fig. 2.6, with further spectra and analysis of the second order and AFD
modes in [35]
Anti-ferrodistortive soft mode
The AFD soft mode is Raman inactive in the cubic phase. Below the AFD tran-
sition, the mode is activated, and it has two components of different symmetry[19].
The frequencies stated below are the near-0 K frequencies of the modes.
• 15 cm−1, symmetry Eg in tetragonal phase
• 50 cm−1, symmetry A1g in tetragonal phase
These soft modes both soften to zero frequency as the anti-ferrodistortive phase
transition temperature is approached. Petzelt et al. notes that the frequency of the
A1g symmetry soft mode is a measure of the octahedral tilting (the AFD primary
order parameter), and that the splitting between these two soft modes is a measure
of the secondary order parameter: the tetragonal distortion[36]. Of special note
is that the Eg symmetry soft mode is further altered if the material undergoes
a ferroelectric phase transition. This Eg mode is split into two components of
different frequency as the symmetry is lowered from tetragonal to orthorhombic,
one at 15 cm−1 and one at 20 cm−1. Figs. 2.7 through 2.9 are reproduced from
[19], [37], and [38] respectively. They show the AFD soft modes in various samples
of STO, as described in their captions.
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Figure 2.7: Raman spectra of STO showing the Eg and A1g components of the AFD
soft mode (and the hard mode at 150 cm−1). The spectra have been vertically offset
for ease of viewing. Figure reproduced with permission from [19].
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Figure 2.8: Temperature dependence of the AFD soft mode frequency. Reprinted
figure with permission from[37]. Copyright 1968 by the American Physical Society.
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Figure 2.9: Raman spectra showing the splitting of the Eg component of the
ferroelectric soft mode upon phase transition to the orthorhombic ferroelectric
phase, shown in this case in 18O substituted STO. The spectra have been vertically
offset for ease of viewing. Reprinted figure with permission from[38]. Copyright
2005 by the American Physical Society.
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First order hard modes associated with FE distortion
These modes are first order and are Raman forbidden in the cubic phase. How-
ever, they are often seen in Raman spectra of cubic phase STO nonetheless, made
active by defects in the lattice, grain boundaries, disorder or strain. Typically
these factors create polar micro-regions (PMR) in which these phonon mode tran-
sitions are Raman active[39]. This explains their presence in the Raman spectra
at low intensities. The frequencies of these modes, and their assigned names in the
literature are listed below[40], and an example of Raman spectra showing these
modes is found in Fig. 2.10.
• 175 cm−1 (TO2)
• 265 cm−1 (TO3)
• 500 cm−1 (LO3)
• 550 cm−1 (TO4)
• 800 cm−1 (LO4)
Different samples reported in literature display different combinations of these
peaks. TO2 and TO4 are the most consistently seen across all samples. In cases of
(near) displacive phase transitions such as those in calcium substituted STO or 18O
isotope substituted STO, the appearance of these first order modes is sudden, and
indicative of a first order phase transition. However, in most other samples in which
these peaks are seen, such as pure ceramics, thin films, non-stoichiometric samples
etc., these peaks increase in intensity only gradually with decreasing temperature -
over a course of more than 100 ◦C. In some samples, small intensities of these modes
persist up to room temperature, or even higher. In the latter, weak temperature-
dependence case they are typically cited as a sign of polar micro-regions in the
material.
The TO2 hard mode is often seen to have a strong asymmetry which can be
modeled with a Fano function[41]. This is given as evidence of the polar micro-
regions, showing, it is argued, the existence of a continuum of states interacting
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with the polar hard mode[40]. The theory behind this is that the Fano asymmetry
arises from the interaction between a mode of a well defined frequency with a
broad continuum of states. In the case of STO disordered polar microregions are
usually assigned as the reason for the broad continuum.
The TO3 mode is one of the more rarely observed hard modes. In several
papers, it is argued that this mode only appears in the presence of a distortion
that has a spatial extent on the order of a phonon wavelength or longer, and that
the observation of this mode then implies a long-range lowering of symmetry in
the material[2]. This argument is on the basis of observations in a different per-
ovskite, potassium lithium tantalate (KLT). The argument goes: The TO3 mode
in perovskite structured materials is non-polar, while the other TO and LO modes
are polar. Therefore, TO3 cannot be activated by polar micro-regions in the same
way that the other hard modes can be. There must be a true structural distor-
tion which breaks centrosymmetry to activate this mode. The anti-ferrodistortive
phase, while tetragonal, is still centrosymmetric, so it will not show the TO3 mode.
In the case studies below, all of the samples for which the STO does not undergo
a ferroelectric phase transition do not display this peak. Where it has been seen
in STO, the peak has quite a low intensity compared to the polar TO modes, and
even to second order scattering. It is sharp enough to be picked out individually,
however.
Ferroelectric soft mode
The ferroelectric soft mode in STO is called TO1 in the tetragonal AFD phase.
This name comes from IR measurements, in which the mode is active at all tem-
peratures. It has Eu symmetry in the AFD phase, and splits into three components
below the ferroelectric phase transition. The low temperature frequencies as mea-
sured in Bianchi et al. are given below[43].
• 5 cm−1
• 10 cm−1
• 15 cm−1
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Figure 2.10: Raman spectra of STO showing first-order scattering modes (labeled
in red). The spectra have been vertically offset for ease of viewing. Reprinted figure
with permission from[42]. Copyright 2010 by the American Physical Society.
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Figure 2.11: Close up of the TO2 mode in polycrystalline thin films. The spectra
have been vertically offset for ease of viewing. Note the strongly asymmetric shape
of the mode in this spectrum. Figure reproduced with permission from [40].
The low temperature splitting into three components shows the ferroelectric
phase to have greatly lowered symmetry. In 0.7% Ca substituted STO this transi-
tion occurs at around 18 K. This mode is tremendously intense in the ferroelectric
phase, compared to all other modes present. Its proximity to the laser line makes it
difficult to detect however. The ferroelectric soft mode in the ferroelectric phase of
Ca-substituted STO is shown in Fig. 2.13, reproduced with permission from [43].
Above the phase transition, this phonon is Raman disallowed. However, there is in
STO a weak second order Raman peak which follows the temperature/frequency
behaviour of twice the TO1 mode as measured by infrared spectroscopy, where the
TO1 mode is active. This second order Raman peak can be confidently assigned
as 2TO1.
Also present in many STO samples is PMR-activated TO1 scattering mentioned
in the previous section. This peak follows closely the softening of the TO1 mode in
pure STO, and has the small intensity expected of limited volume defect induced
scattering. Interestingly, signs of this scattering can be seen even in the nominally
pure single crystals studied by Nilsen and Skinner. Fig. 2.14 is reproduced with
permission from [27]. It shows the weak PMR activated soft mode scattering in a
nominally pure STO single crystal.
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Figure 2.12: Temperature dependent Raman spectra of polycrystalline STO thin
films. The spectra have been vertically offset for ease of viewing. In this Raman
spectrum, the TO3 mode can be seen. Figure reproduced with permission from
[40].
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Figure 2.13: Left: Raw spectra and Right: frequency-temperature dependence of
ferroelectric soft mode in Ca-substituted STO. The spectra have been vertically
offset for ease of viewing. In this material, there is a ferroelectric phase below 20 K.
The softening to near zero and the splitting into three components below TC can
be seen in these figures (splitting of the Eg component of the AFD soft mode can
also been seen in this figure). In the right hand panel of this figure, FMR refers to
Raman scattering activated by ferroelectric microregions. Figure reproduced with
permission from [43].
There is another feature in the Raman spectrum of STO which some authors
associate with FE distortions. It has a frequency of between 70 and 120 cm−1, and
is a relatively strong, broad, single peak (this is a separate peak from the 80 cm−1
second order feature). This mode is likely also the ferroelectric soft mode, judg-
ing by infrared measurements of the TO1 mode in various systems[44][45]. Some
influences such as grain boundaries, cracks and other imperfections can cause the
mode to display far less softening than in the pure STO case, resulting in a mode
of greatly elevated frequency. It is often activated in the Raman simultaneously
with other first order STO modes in polar microregions, although the mode at this
elevated frequency is not a sign of ferroelectricity.
2.3.3 Specific examples
Now that we know the language of the STO Raman spectrum, we will examine
several examples of STO systems with various syntheses and alterations. These
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Figure 2.14: Close up of the low-frequency range of Raman spectra on pure sin-
gle crystal STO. The spectra have been vertically offset for ease of viewing. The
shoulder that develops on the low-frequency side of the 74 cm−1 peak and subse-
quently softens is scattering from the ferroelectric soft mode. This mode softening
is incomplete down to 0 K in pure STO. Reprinted with permission from [27].
Copyright 1968, American Institute of Physics.
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case studies will take us more into detail on the behaviour of the STO modes
under various conditions, and where they can be linked with ferroelectric phases
or not. The pure STO single crystal case (work of Nilsen and Skinner[27]) was
used to describe the second order features, and will not be discussed further here
except to point out that the same group fabricated a second single crystal that was
discoloured by impurities, and that in this crystal small peaks were detected at 176
and 554 cm−1, the TO2 and TO4 peaks. This shows that only a small amount of
impurities are necessary to activate these modes. All of the experiments reported
in these case studies are the work of other groups, and not the author.
Case study 1: Ca-substituted single crystal STO
This case study examines the work of Bianchi et al.[43] and Ouillon et al.[19].
The former studies a single crystal of STO with Ca-substitution in the a-site
cation. 0.7% of Sr has been replaced with Ca. In this crystal, the usual second
order spectrum is observed at room temperature. The AFD hard and soft modes
start to be detected at 125 K, a slightly elevated temperature from the bulk case.
Scattering regions associated with TO1 scattering and 2TO1 are observed to
high temperatures. The TO1 scattering is symmetry disallowed, although as we
saw even in single crystals it can be weakly seen. The appearance of the TO1
scattering in the crystal is explained by local symmetry breaking regions - tiny
volumes that nucleate around defects, primarily Ca ions. The defects polarise the
small regions around them, breaking the symmetry, and thus allowing first order
Raman scattering. This phenomena is also sometimes referred to as ferroelectric
microregions, and it has been well studied in STO and other highly polarisable
materials[46]. Higher dielectric permittivity and lower temperatures cause the
regions to grow. As the material is able to distort from smaller E-fields, distortions
penetrate deeper into the material, polarising larger volumes. Lowering of the
defect concentration causes this scattering to disappear, and this is observed in
ultra pure KTaO3.
Fig. 2.13 (reproduced from [43]) shows important features of the Raman spec-
trum of this Ca-substituted STO sample. At 20 K the TO1 FE soft mode has soft-
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ened to approximately 5 cm−1, and at this point it splits into three components,
whose frequency begin rising again and whose amplitude dramatically increases
with falling temperature. It is necessary to measure the material in multiple dif-
ferent polarisation conditions in order to see all of the components. Simultaneously,
in this sample the splitting of the Eg symmetry AFD soft mode into two compo-
nents was observed. The splitting of these modes prompted the authors to assign
orthorhombic symmetry to the ferroelectric mode below 20 K in this sample. Fi-
nally, simultaneous with the splitting of these modes, the appearance of TO2 and
TO4 FE hard modes is observed. Fig. 2.15 is reproduced from [43] and shows
the temperature dependence of these modes in open circles. They show a shape
similar to a Fermi-Dirac distribution, with a saturation at low temperature, a drop
off of intensity around the phase transition temperature, here at 15 K, and a tail
of intensity above the transition temperature. The width of the entire shape, from
high saturation to low saturation is in this case approximately 20 K. This pattern
cannot be verified is not exactly a Fermi-Dirac distribution. Accordingly, in the
rest of this thesis I will simply refer to this pattern as an ‘S-shaped curve’.
This material has been independently verified to be ferroelectric with a TC
dependent on Ca level by dielectric measurements and poling[47]. The polarisation
directions were quoted as the [110] pseudocubic directions of these crystals in this
study, and it was noted that this contrasts to the polarisation directions of STO
where ferroelectricity had been induced by uniaxial stress, which were [100].
It can be concluded that small amounts of calcium substitution in STO leads to
the emergence of a low temperature ferroelectric phase, TC ≤ 35 K. The transition
is into a orthorhombically structured material with ferroelectric polarisation di-
rections along the [110] pseudocubic directions. The main indicators of this phase
transition in the Raman spectrum are the splitting of the AFD Eg soft mode and
the FE Eu soft mode into two and three components respectively, the critical soft-
ening of the FE soft mode, and the appearance, and rapid rise in intensity of polar
hard modes TO2 and TO4.
Studies have also been done on STO crystals with higher levels of Ca-substitution.
Fig. 2.16 is reproduced from [19], and shows the polar mode intensity temperature
dependence for such samples. Very low frequency data was not available in this
study, but there are some interesting differences in the temperature dependence of
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Figure 2.15: Temperature dependence of the first-order mode intensity in Ca-
substituted STO. Open squares: TO1 mode, open circles: TO2 mode, closed circles:
dielectric loss in this material for comparison. Note the rapid rise to saturation in
a curve somewhat like a Fermi-Dirac distribution. In the remainder of this thesis,
this kind of temperature dependence will be referred to as an S-shaped curve.
Figure reproduced with permission from [43].
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Figure 2.16: First-order mode intensity vs temperature in STO with higher Ca-
substitution levels. Both TO2 and TO4 modes are displayed, as marked Left: 6%
Ca, Right: 12% Ca. Note the same S-shaped curve being shown as in 2.15, but
spread out much broader in temperature. Figure reproduced with permission from
[19].
the TO2 and TO4 modes. The S-shaped curve noted in the 0.7% Ca substituted
case persists, but higher Ca substitution results in the broadening of this S-shaped
curve. In the 6% substituted case, the S-shaped curve has a width of about 80 K,
and in the 12% substituted case it has a width of over 200 K. Because the effect
on the central position of the s-curve is less than the broadening, in the latter
case the material never reaches a saturation point in terms of its polar hard mode
intensities. In addition to the changes in the temperature dependence of the polar
hard modes, a splitting in the 150 cm−1 Eg mode is seen at low temperatures in
both samples. The authors of this study assign it to an additional orthorhombic
distortion related to local polar ordering, distinct from the AFD tilt. This tran-
sition occurs at around 80 K for 6% Ca, and around 100 K for 12% Ca. Finally,
in the 12% Ca sample only, two additional modes appear below 30 K at 80 cm−1
and 125 cm−1. These modes are similar in position and behaviour to modes found
in anti-ferroelectric 30% Ca SCTO, and are assigned as such. Conversely, studies
have also been done on smaller levels of Ca-substitution in STO[48]. These did
not show complete softening of the ferroelectric soft mode, nor splitting in any of
the modes.
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Fig. 2.17 is reproduced from [47], and shows the permittivity for samples
of various Ca substitution levels. In the dielectric permittivity, the peak height
reduces, and the width broadens with increasing Ca substitution from 0.7% to 12%.
Nevertheless, there does still exist a peak at 12%, so one concludes that the 6%
and 12% samples are both still ferroelectric, albeit weakly, and that their Raman
spectra therefore show features that can be associated with ferroelectric STO. The
data on the temperature dependence of TO2 and TO4 in this material shows us
that a saturation of polar mode intensity is not a strict necessity for a ferroelectric
phase of STO. It does, however, show a clear link between the magnitude of the
Curie permittivity peak of STO and the temperature range over which the polar
mode intensities are changing in the Raman spectrum. The broader a temperature
range, the weaker the permittivity peak.
Case study 2: 18O substituted STO
The experiments described in this case study are done by Taniguchi et al.
[38]. These samples are single-crystal STO pieces which have been baked in an
atmosphere of 18O gas, resulting in the uptake of 18O atoms into the STO replacing
16O. Raman spectra from two samples are given: one with 23% 18O substitution,
and one with 32% 18O substitution. The group sought to induce a ferroelectric
phase in STO above room temperature by replacing some of the oxygen ions with
heavier isotopes. This would be expected to change the lattice dynamics, and the
hope was that given the fine balance in STO it would be sufficient to change the
phase diagram. They were successful in creating ferroelectric STO samples by this
method.
Raman data is shown in the frequency range of 4-80 cm−1 in Fig. 2.18, repro-
duced from the [38]. In this range, both AFD soft modes are seen. Below 10 K,
the Eg AFD soft mode splits into two components for the 32% substituted case,
while the 23% substituted case does not show this splitting. Concurrently to the
splitting, the 32% substituted sample shows the emergence of the Eu TO1 ferro-
electric soft mode. The soft mode is shown not to soften all the way to zero, and
at temperature 10 K, the mode begins hardening again, reaching a frequency of
8 cm−1 at 1.2 K, which was the lowest temperature measured. This fact that the
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Figure 2.17: Dielectric permittivity of STO with various levels of Ca-substitution,
as marked. 0.2% substitution is sufficient to induce a ferroelectric phase. The
phase transition temperature and peak permittivity both increase up to 1.07%.
Subsequently, the peak permittivity falls and broadens, and the transition tem-
perature stagnates at around 37 K. Reprinted figure with permission from[47].
Copyright 1984 by the American Physical Society.
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mode does not soften to zero is interpreted by the authors as being caused by the
simultaneous contributions to the Raman spectrum of ferroelectric regions, and
paraelectric regions in the crystal. In this study the ferroelectric soft mode (TO1)
appears to have only a single component below the nominal transition tempera-
ture. However, as this peak was only shown by the authors in one polarisation, this
result is not necessarily inconsistent with the three component splitting displayed
by the calcium-substituted samples of Bianchi et al. Some of the polarisations
shown by Bianchi et al. show only a single peak of this mode. It is worth noting
that the incomplete softening discussed by the authors of this paper is also seen
in the Bianchi paper.
Electrical measurements have been carried out on 18O substituted STO samples
[21][49]. The measurements have shown them to be ferroelectric, by peaks in the
electrical permittivity, and by D vs E hysteresis loops when the substitution factor
is high enough. 25% substitution is low enough that it still results in the quantum
paraelectric behaviour of pure STO, but above this concentration ferroelectric
anomalies in the permittivity are seen. In addition, the peak permittivity values
are higher even than in pure STO. This contrasts to the Ca-substituted samples,
for which the permittiviy peaks were slightly below the max value of permittivity
in pure STO.
The 32% 18O substituted single crystal sample is therefore another example of
STO that has become orthorhombic and ferroelectric, signaled in the Raman by
the splitting of the Eg AFD mode, and the emergence of the Eu TO1 soft mode to
intensities significantly higher than the second-order STO features.
Case study 3: Pure ceramic STO
The next system to examine is pure ceramic STO, experiments reported by
Petzelt et al.[36]. In this system, as in the previous one, the AFD phase transition
is found to be slightly elevated, in this case to 130 K. It is interesting to note
however that the Eg component of the AFD soft mode in the low temperature
phase softens to an unusually high frequency - 40 cm−1 compared to 18 cm−1 in
the pure single crystal case. The authors suggest that the high frequency of this
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Figure 2.18: Raman spectra of 18O substituted STO. The spectra have been verti-
cally offset for ease of viewing. Left: The activation of the ferroelectric soft mode
can be seen. These spectra collected in x(yy)-x geometry. Right, a) 23% 18O sub-
stituted STO and b) 32% 18O substituted STO. These spectra collected in x(yz)-x
The splitting of the AFD soft mode can be seen in b) compared to the spectra
resulting from no phase transition in a). Both the activation of the ferroelectric
soft mode and the splitting of the AFD soft mode are strong indicators of a fer-
roelectric phase transition. Reprinted figure with permission from[38]. Copyright
2005 by the American Physical Society.
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component is a sign that tetragonality in the AFD phase of this ceramic sample is
unusually low. The authors discuss possible sources for this reduced tetragonality,
and suggest that it may be caused by a clamping effect of grain boundaries.
In this sample, TO2 and TO4 polar hard modes are seen well above 0 K. TO2
in particular is weakly visible even at room temperature. These modes gradually
increase in intensity as temperature is lowered. The authors of this paper show
the temperature dependence with an exponentially increasing-type line to guide
the eyes. I think it is more likely that what is observed is the lower half of what
would a similar S-shaped curve to the Ca-substituted sample, if not for the limit
of zero temperature. Certainly, it would not make physical sense for this intensity
to increase without bound. In contrast to the 0.7% calcium substituted sample,
the temperature response takes place over a much wider temperature range - there
is a significant change over at least 100 K - and assuming that the same saturation
pattern would be observed, that 100 K range accounts for only up to half of the
temperature range that would be needed for saturation. Fig. 2.19 is reproduced
from [36] and shows the Raman spectra recorded from these samples.
Dielectric measurements have been made on pure ceramic STO, and the be-
haviour is similar to single crystal STO[22]. No peaks are detected, Curie-Weiss
type behaviour is seen at high temperatures, and is followed by a deviation from
Curie-Weiss resulting in a saturation of permittivity below 20 K. No frequency dis-
persion is detected, qualitatively similar behaviour to the pure STO crystal case.
Signs of a frustrated ferroelectric transition are shown, but the samples cannot
be said to enter a ferroelectric phase, even though the TO2 and TO4 hard modes
are clearly seen in the Raman spectrum. As we have learned from our previous
studies of BNT-BT, the dielectric measurements on their own are not necessarily
a signal that the crystal structure has followed the same pattern. However, one of
two things in the Raman spectrum gives us confidence in the lack of ferroelectric-
ity.The authors assign one mode, labeled ‘X’ in their figure as the Eg component
of the AFD soft mode. If they are correct, then we can see that the Eg AFD
soft mode has not split into two components, and this is sufficient to show that
the structural symmetry has not fallen into orthorhombic. If they are incorrect in
this assignment, then this is most likely the ferroelectric soft mode, which shows
a hardening compared to the single crystal case. This has been seen before in
polycrystalline samples. The fact that this mode is hardened, and that it has not
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Figure 2.19: Temperature dependent Raman spectra of STO ceramics. The spectra
have been vertically offset for ease of viewing. The R-point AFD modes can be
seen, as can the TO2 and TO4 first-order modes. The intense mode marked X is
thought to be either a component of the AFD soft mode, or the ferroelectric soft
mode. Figure reproduced with permission from [36].
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split into components is also a direct Raman feature that supports the lack of a
ferroelectric phase, so whatever the interpretation of this feature it suggests that
there is no further phase transition after the AFD phase transition on cooling.
The authors interpret the presence of the Raman-silent polar modes in the
Raman spectrum in the paraelectric phase thus: Near grain boundaries in this
ceramic, there exists a surface layer of frozen polarisation. This polarisation can
cause local symmetry breaking regions, in which the polar first order phonons be-
come Raman active. The slow increase in intensity with temperature then corre-
sponds to the usual increase in the volume of the local symmetry breaking regions.
Because the polarisation is ’frozen in,’ and not free to rotate, these grain bound-
aries do not enhance the dielectric permittivity of the material like polar phase
volumes of STO usually do.
The 2007 study[22] also compared samples with low concentrations of grain
boundaries (large-grained ceramics) to samples with high grain boundary concen-
trations (fine-grained ceramics). The results of this research showed very clearly
that the fine-grained ceramics had more pronounced loss of dielectric permittivity,
greater soft mode hardening and more intense first-order Raman scattering. This
was good evidence that the grain boundaries were having these effects, and were
undesirable in the growth of technologically useful STO.
So this, then, is a material which does not undergo a ferroelectric phase tran-
sition, as shown by permittivity measurements. It does not undergo an associated
tetragonal to orthorhombic structural phase transition either. And yet the polar
hard modes TO2 and TO4 are Raman activated, albeit with noticeably different
temperature dependence to ferroelectric STO. The presence of TO2 and TO4 polar
hard modes in STO samples cannot therefore be used on their own as indicators
of ferroelectricity - they have shown themselves to be active both in ferroelectric
phases, and non-ferroelectric phases. The temperature dependence of these mode
intensities is of more importance in interpreting these peaks to determine the na-
ture of the crystal. With rapid rises in intensity with respect to temperature, one
can be more confident of ferroelectric properties. If the rate of intensity increase
is slow, then ferroelectricity is likely not present in the sample.
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Case study 4: Single crystal strain-free thin films
The studies described in this section are the work of Jang et al.[42]. These
samples were grown by pulsed laser deposition. Starting from a single crystal
STO [001] substrate, a 50 nm strontium ruthanate layer was grown as a bottom
electrode, then the STO film was grown on top of this. Temperature dependent
Raman spectra are shown for this sample. The first thing of note in this sample
is that there are no features in these spectra that can be assigned to the AFD
soft mode or the AFD 450 cm−1 hard mode. There is a feature that corresponds
to the AFD 150 cm−1 hard mode, but it is just barely visible. The lack of fea-
tures/weakness of features associated with the AFD transition is a trait common
to many thin-film STO systems, as well as other nano-structured STO samples,
and will be discussed in case study 5 (single crystal non-stoichiometric strain-free
films).
(Note - one should for sure expect to see the AFD hard modes from the sub-
strate at least, which is pure STO. However, the lower electrode layer of SRO acts
as a mirror, meaning that the Raman does not probe the substrate in this case.)
This sample has multiple first-order peaks from the polar phonons visible at
room temperature. TO2, LO3, and LO4 can all be seen at 300 K, and TO4 can
be seen as well below 250 K. The peaks all increase in intensity as temperature
decreases. At 10 K an additional peak is visible at 50 cm−1, which the authors
assign as TO1, the ferroelectric soft mode. Unfortunately, the authors of this study
did not present spectra between 50 K and 10 K. Without observing the temperature
dependence of the mode, it is difficult to properly assess that assignment. However,
the absence of this peak at higher temperatures does lend it some credence. The
temperature dependence might also show hardening or softening of this mode,
which would tell us more about the lattice dynamics. The high frequency of
this peak compared to the pure STO TO1 frequency suggests that some effect is
hardening the mode, usually an indicator of suppression of ferroelectric properties.
However, as the temperature dependence of this peak is not shown it is difficult
to have much confidence in this.
Dielectric measurements show the material to not undergo a ferroelectric tran-
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Figure 2.20: Figure showing the decay over time of the piezoelectric force mi-
croscopy signal from STO, comparison of strain and strain-free. Reprinted figure
with permission from[42]. Copyright 2005 by the American Physical Society.
sition. The permittivity shows the usual STO pattern of Curie-Weiss behaviour
at higher temperature followed by a saturation to a constant value at near zero
temperature. Piezoelectric force measurements done on this sample do show a very
small hysteresis loop however. This hysteresis loop rapidly decays in intensity over
time. The decay shows the ferroelectricity displayed by this sample to be relaxor
dominated, rather than displacive. Even then, the effect is weak. The intensity
is almost an order of magnitude less, and in addition the time constant for the
decay is much shorter than other relaxor ferroelectrics. Fig. 2.20 is reproduced
from [42], it shows the magnitude of polarisation hysteresis loops over time. The
low intensity and short decay can be seen in this figure.
The authors of this paper propose that the appearance of the first order Raman
modes may be induced by impurities in the thin film caused by a small amount
of Sr-Ti non-stoichiometry (and corresponding oxygen vacancies, or interstitials).
This explanation is based upon the similarity of the Raman spectra of their sample
to intentionally Sr-deficient STO thin films. The similarity between the Raman
spectra is very strong. Other than some differences in the peak around 90 cm−1,
the features are identical, and the relative intensities almost the same (the polar
features are slightly weaker in the film studied in this paper than in the intention-
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ally Sr-deficient film, by about 15-20%).
So the STO/SRO/STO films grown in this paper are an interesting case. They
do show ferroelectricity, but it is very weak, almost to the point of insignificance.
One possible explanation is that the piezoelectricity measured in these samples
come from local polar micro-regions, making up a small volume fraction of the
whole film. The spectral features of STO visible in this sample are polar hard
modes TO2, LO3, TO4 and LO4 with a temperature dependence showing variation
in intensity over about 200 K, and a mode assigned to TO1. The mode assigned
as TO1 in this paper occurs at a much higher frequency than that of strongly
ferroelectric STO samples, which indicates a suppression of ferroelectricity.
Case study 5: Single crystal non-stoichiometric strain-free films
The studies described in this section are the work of Tenne et al.[50]. This
paper is of particular interest, as the researchers used the same method of UV
Raman spectroscopy that I used to study the samples in the STO section of this
thesis. These samples were 100 nm thick films, grown by molecular beam epitaxy
directly on Ti-terminated STO[001] substrates. The samples were grown with
intentionally altered Sr-Ti ratios to measure the effect that this non-stoichiometry
has on the phonon modes of STO thin films. This study was done using UV
Raman spectroscopy, so one can be confident that the pure STO substrate is
contributing negligible amounts to the observed Raman spectra, even though there
is no intervening reflective layer. Fig. 2.21 is reproduced from the paper. It shows
Raman spectra of the non-stoichiometric strain-free STO thin films.
One of the films grown was stoichiometric to within uncertainties (measured
as x = 1.02± 0.4 by Rutherford backscattering, where x is the Sr stoichiometry).
The Raman spectrum of this sample at 10 K does show clearly the AFD A1g
component of the AFD soft mode at 50 cm−1, and shows weakly the AFD hard
mode at 145 cm−1. The AFD hard mode at 450 cm−1 is not seen in this spectrum.
In addition, the FE hard modes TO2 and LO4 are both visible, though very weak.
No other FE hard modes are visible.
The spectra of the Sr-deficient samples do not show any AFD peaks. One
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Figure 2.21: Raman spectra of non-stoichiometric single-crystal thin films of STO.
The spectra have been vertically offset for ease of viewing. x is the Sr excess (or
deficiency, for negative values). Spectra were taken at 10 K, and non-stoichiometric
samples show first-order modes. Additionally, there is a marked difference in the
AFD modes between Sr-deficient and Sr-excess films. Figure reproduced with
permission from [50].
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could possibly convince one’s self that there is a feature at 50 cm−1 in some of the
spectra that is the A1g component of the AFD soft mode, but it is not present
in every spectrum. For certain the intensity is at least ten times smaller than in
the stoichiometric case. The TO2, LO3, TO4 and LO4 hard modes are all strong
and clear, with the TO2 mode showing Fano asymmetry, suggesting that local
polar symmetry-breaking regions are present. The Sr-deficient samples also have
a peak near 90-110 cm−1 (depending on Sr content), which they assign as TO1. As
with the previous example, temperature dependence is not shown over the crucial
range, so it is difficult to assess whether this is the ferroelectric soft mode or not.
TO3 is not seen in this sample.
The Sr-rich samples do show the same AFD modes as were seen in the stoi-
chiometric film; they is almost as strong as in the stoichiometric film. The same
four polar hard modes are also present. However, TO2 and LO3 are both much
weaker than in Sr-deficient films, and all four peaks are much broader. The TO2
peak is still strongly asymmetric.
Between the two types of stoichiometry, there is a very clear contrast in the
behaviour of the AFD modes. Strontium vacancies suppress these modes strongly,
while excess strontium suppresses them only weakly, resulting in them still appear-
ing in the Raman spectra. The reasons for this are not discussed, but Sr-vacancies
offer a possible explanation for the lack of these modes in Raman spectra of other
thin films in existing in the literature.
The temperature dependence of the non-stoichiometric films was measured, and
the by now familiar pattern of slowly decreasing polar hard mode intensity with
rising temperature was observed. The width of the S-shaped curve they depict is
over 300 K, with the intensity not appearing to saturate at low temperatures. In
the case of Sr-rich films, the modes stay Raman active up above 400 K, the highest
temperature shown. The temperature dependence of the AFD modes (where seen)
is not well shown by the figures presented. However, they show no reason to doubt
that the normal AFD phase transition occurs somewhere between 100 and 150 K.
The AFD lines are absent above this temperature.
The authors do not present electric measurements, but say that the near-exact
match of their spectra to previously measured STO thin films (the samples in
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case study 4) shows their films to have the same properties as those ones. On
this basis they claim them to be ferroelectric, but see the above case study for
my reservations about the weakness of the ferroelectric effect in these samples.
The electric properties of the Sr-rich films are not discussed at all. However, a
later paper made these measurements on non-stoichiometric STO[51]. It must be
noted that the samples in that study were bulk polycrystalline, and not thin film.
However, clear indication of very weak ferroelectricity (Pr = 0.004µC/cm
2) is seen
in those samples.
It can be seen from these samples that STO is quite sensitive to the stoichiom-
etry, with Sr-Ti imbalances able to induce local symmetry breaking regions. It
also shows us that Sr-Ti imbalances can very easily be introduced to samples if
great care is not taken in the deposition process. It shows us that one sign of
Sr-vacancies may be a lack of AFD modes in STO samples. And finally, it shows
us spectra that we know not to be associated with any significant ferroelectricity in
STO: Polar TO and LO hard modes with weak temperature dependence (although
they have relatively narrow widths), and a broad peak around 100 cm−1 which is
possibly the TO1 ferroelectric soft mode showing a hardening compared with pure
single crystal STO.
Case study 6: Single crystal strained films
There are a number of examples of thin strained STO films which have been
shown to display ferroelectric properties, sometimes even up to room temperature.
Unfortunately, almost without exception no Raman spectra of these samples have
been published. The first results of room temperature ferroelectricity came from
Haeni et al.[1], showing electrical measurements made on 50 nm STO grown by
molecular beam epitaxy on the [110] surface of DyScO3. In the same study, 50 nm
STO grown by molecular beam epitaxy on [001] (LaAlO3)0.29×(SrAl0.5Ta0.5O3)0.71
(LSAT) was measured. A strong peak in dielectric permittivity was found at just
below 300 K for the STO/DSO. No peak was found for STO/LSAT. Similarly,
another group found a ferroelectric permittivity peak in 60 nm STO grown on
[110] NdGaO3 (NGO)[42]. The dielectric peak found in this case was far broader
and weaker than the STO/DSO peak, and the transition temperature was 110 K,
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Figure 2.22: Temperature-strain phase diagram of STO. The graph was created
from thermodynamic analysis. The range of transition is due to conflicting reports
on parameters used in the modeling.Reprinted by permission from Macmillan Pub-
lishers Ltd: Nature[1], copyright 2004.
well below room temperature. DSO has a lattice mismatch of +1% with STO
(tensile), and NGO has a mismatch of -1.2% (compressive).
There is a body of theoretical work done on STO. The Haeni paper presents
a figure showing the expected electric phase of epitaxially grown STO[100] under
a given strain condition, based on thermodynamic analysis. That figure is repro-
duced here, in Fig. 2.22. Both compressive and tensile biaxial strain can induce a
ferroelectric phase in STO, provided that the strain is large enough. Larger com-
pressive strains are required to produce the same increase in Curie temperature as
smaller tensile strains. The predicted phase transition temperatures for biaxially
strained STO depend on the precise values of elastic and electrostrictive properties
of STO, over which there is some variation in experimental results. However, both
the STO/DSO and STO/LAO measured transitions are within the range predicted
by this theory.
Another group grew STO films on LAO samples - though this was not true
epitaxy because an intermediate SRO layer was grown, and the films were much
thicker at 500 nm or more[52]. At 5 K the AFD hard and soft modes are not
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visible. TO2 is present and shows the usual Fano asymmetry. TO4 is also present,
as is TO3, and there is a broad peak near 100 cm
−1, similar to that seen in the
previous case studies. The temperature dependence of the TO4 and TO2 (but
not TO3) modes is shown, and it is highly unusual. It exhibits not a gradual
rise, but a rise with a peak in the middle of it, at 85 K. The modes reach their
maximum intensity at around 50 K, after beginning the rise at around 100 K. This
punctuated S-shape curve is broader than the Ca-substituted single crystal, but
narrower than non-stoichiometric thin films, and other samples that do not undergo
a ferroelectric phase transition. The authors do not offer an explanation for the
peak at 85 K, but they do note the similarity between the imaginary part of the
dielectric function and the measured polar hard mode temperature dependence.
Fig 2.23 is reproduced from [52] and shows the dielectric function and first-order
mode intensity in these films.
Dielectric measurements were done also on this sample, and there is a ferroelec-
tric anomaly-like peak in the permittivity for this sample, occurring at 35 K, the
whole peak very broad. The value of peak is a little under r = 1000, much smaller
than the peak measured in Haeni et al.’s STO/DSO film of just under 7000. This
would seem to indicate that the STO does go into a ferroelectric phase at around
35 K, and that the ferroelectricity was fairly weak. Low frequency Raman spectra
are not provided for this sample, so we have no way of knowing if the ferroelectric
soft mode appears, or if there is any splitting of the Eg AFD soft mode component.
Likewise, temperature dependence was not displayed for the TO3 hard mode, so
one cannot tell if its appearance or a peak in its intensity coincides with the peak
in the permittivity - or with the peak in polar hard mode intensity at 85 K. The
differences between this Raman spectrum, and that of other materials with no
permittivity peak are: the appearance of the TO3 mode at low temperatures, and
the temperature dependence of the TO2 and TO4 modes including a comparatively
rapid rise in line strengths, a saturation above 0 K, and the interesting extra peak.
Single crystal stained thin films then, in summary, are capable of undergoing
a ferroelectric phase transition as shown by a peak in the dielectric permittivity
- so long as the degree of lattice strain is sufficiently high. Both theoretical and
experimental studies have shown this. There is a dearth of Raman spectra of such
samples due to experimental difficulties, so presentation of these results would
be valuable to the understanding of the interaction between lattice dynamics and
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Figure 2.23: Figure showing temperature dependence of several factors. Upper:
asymmetry factor, q, of TO2 mode in their spectra. Middle: Dielectric permittivity,
showing a very slight ferroelectric-type peak. Lower: first-order mode intensity,
compared with bulk. Reprinted figure with permission from[38]. Copyright 2005
by the American Physical Society.
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ferroelectricity in STO and other ferroelectrics.
Case study 7: Polycrystalline thin films
Thin films can also be grown in polycrystalline, rather than epitaxial structures.
The studies described in this section are the work of Du et al.[40]. These samples
were grown to 260 nm in thickness on top of quartz substrates, and shown to be
polycrystalline by XRD (grains crystallised in random directions). Raman spectra
of these samples were taken only down to 95 K. The low temperature spectra show
TO2, TO3, TO4, and LO2, LO4 polar hard modes, and a broad peak around
100 cm−1 which is likely the ferroelectric soft mode in addition to the second order
STO features. The TO2 mode is strongly asymmetrical, to a higher degree than
other thin film samples. This is possibly related to the grain boundaries in the film,
possessing a greater range of continuous disordered states for the TO2 mode to
interact with. The temperature dependence of the polar modes is shown, and the
result is relatively steady intensities of TO2 and TO4 from room temperature down
to 130 K. Below 120 K, a rapid rise in intensity begins. Unfortunately, the paper
only reported spectra down to liquid nitrogen temperature, so the low temperature
and possible saturation behaviour are unknown. The long period of constant
intensity is quite different from many other samples studies, and it too may have
to do with the grain boundaries. Polar modes may be active in these regions due
to increased defects, decreased stoichiometry or relaxation of long-range symmetry
rules. As these boundary regions persist to high temperatures, the modes therefore
persist in these regions too even though there is no signal from the grain bulk.
Electrical measurements are not available for this sample at time of writing,
unfortunately. Studies of a much thicker (1µm) polycrystalline film have been
done[29]. They measured a Curie-Weiss behaviour followed by saturation, with
no peak developing down to 15 K. The film used by this group was grown on a
different substrate (STO) in addition to being much thicker, so any potential strain
effects in the Du film will not be expressed in those measurements. However, due
to the non-epitaxial nature of both films, it is unlikely that lattice mismatch will
have a strong effect.
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The important takeaways from these examples are the grain boundary effect
causing first order Raman lines to persist up to room temperature and beyond,
and also the appearance of TO3 in a sample which is not ferroelectric.
Case study 8: Oxygen reduced STO single crystals
The studies described in this section are the work of Tenne et al.[53]. The
samples in this case are single crystals of pure STO which have been annealed in a
reducing environment at high temperatures for various lengths of time to produce
oxygen vacancies in the crystal. The oxygen vacancies make these materials con-
ducting, and therefore not ferroelectric. But seeing as the stoichiometry of STO
samples in literature is often in question, it is of value to see the Raman spectra
of STO which we know to have significant oxygen vacancies for comparison’s sake.
Fig. 2.24 is reproduced from this paper, and shows the Raman spectra of the STO
crystal in various states of reduction, all at 10 K.
The as prepared, not-reduced sample is not completely pure, as very weak TO2
and TO4 peaks can be seen in it. The AFD features and second-order features
are visible, the same as in pure STO. As oxygen vacancies are gradually added
to STO, the first noticeable change in the Raman spectrum is the appearance of
a broad peak at 135 cm−1. This occurs at a level of oxygen vacancies that gives
resistivity of 135 mΩ cm. When the oxygen vacancy level is further increased, a
noticeable increase in the intensity of TO2 and TO4 polar hard modes is observed.
This starts at a resistivity level of 15 mΩ cm. Simultaneously, additional modes
appear; a doublet mode at 500 cm−1 and a sharp narrow peak at 700 cm−1. Both
are weak, but visible in the spectra. Finally, the intensity of the new modes in-
creases significantly. Resistivity is now 13 mΩ cm. All of these changes to the
spectrum are completely reversible by re-oxygenating the sample: upon annealing
in a furnace with flowing ultra pure oxygen, the original Raman spectrum is re-
covered. Although the polar features appear at low oxygen concentrations, there
is no splitting in the 50 cm−1 AFD soft mode, so we can rule out a lowering of
crystal symmetry to an orthorhombic, and therefore ferroelectric phase.
In another investigation, STO substrates were reduced, and the optical con-
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Figure 2.24: Raman spectra of STO with various levels of oxygen vacancies, all
taken at 10 K. The spectra have been vertically offset for ease of viewing. The spec-
tra are identified by the amount of time spend in a reducing atmosphere. Reprinted
figure with permission from[53]. Copyright 2007 by the American Physical Society.
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ductivity measured with respect to frequency to find the effect of the oxygen va-
cancies on the optical modes[45]. In this measurement technique, the TO1 mode
can be seen, unlike in Raman where it is silent. The measurements in this study
are not temperature dependent, and we have only room-temperature informa-
tion. Nonetheless, the spectra do show that there is a shift to higher frequency
of the TO1 mode with increasing oxygen vacancy concentration. Also shown is
the same information for Nb-doped STO. Here the carrier concentration is con-
siderably larger than in the reduced STO substrates, and the TO1 mode can be
seen to have shifted significantly higher in frequency - from about 90 cm−1 in the
pure STO case to about 180 cm−1. The TO2 and TO4 modes have shifted slightly
higher in this sample also. This dramatic hardening of the TO1 mode warrants
some reflection. As the dielectric to ferroelectric (corresponding to tetragonal to
orthorhombic) phase transition is driven by the freezing of this soft mode, a hard-
ening such as this would be expected to have the effect of lowering the phase
transition temperature. No data is presented for temperature dependent measure-
ments of oxygen-reduced STO, so we cannot be certain, but the results shown
do imply that oxygen vacancies will suppress ferroelectricity in STO, and more
generally that current carriers will suppress ferroelectricity in STO. This is not
surprising of course, as conduction will tend to inhibit ferroelectricity.
In another study, nominally unstrained STO films (grown on STO/SRO het-
erostructures) that were grown with lowered oxygen partial pressures were found
to be weakly ferroelectric, with remnant polarisation of 1.5µC/cm2 at 100 K[54]
(compare this with 8µC/cm2 at 100 K in the strained STO/DSO film[32]). The
authors of that paper did not think that oxygen vacancies alone could be respon-
sible for the ferroelectricity, and later published an explanation based on linked
O-O-Sr vacancy clusters - these clusters carry a defect dipole moment that can ex-
press ferroelectricity. The ferroelectricity was not, they suggest coming from the
STO, but from these defects[55]. Significantly, the films were found by XRD to be
in the tetragonal phase, and not the orthorhombic phase where ferroelectricity is
normally found in STO.
In summary, these studies show us the effect in the Raman spectrum of oxy-
gen vacancies, and the effect of oxygen vacancies on the ferroelectric soft mode.
The result is that oxygen vacancies are not on their own able to induce a phase
transition from the tetragonal to the orthorhombic, ferroelectric phase. They can,
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however, activate first order Raman modes in STO. The oxygen vacancies also
create new lines in the Raman spectrum simultaneously with activating the first-
order STO lines, so one can tell whether the first order scattering is caused by
oxygen vacancies or not. This can help us in identifying whether oxygen vacancies
may be having an influence on the samples of STO we study.
Case study 9: K1−xLixTaO3 crystals
The studies described in this section are the work of Toulouse et al.[2]. This
example is not of STO, but of other ferroelectric perovskite materials, including
K1−xLixTaO3 (KLT). Many papers writing on STO make arguments based on the
TO3 mode, and the literature trail leads back to this paper. The mode is much
more clearly seen, and more easily studied in KLT than in STO. It is therefore
worthwhile to study its behaviour in this system to aid in the interpretation of
the TO3 peak in STO. The comparison is not so bad, as both STO and KLT are
perovskite oxides, and the phase transitions in KLT are very similar to those in
STO, and other (incipient) ferroelectrics. The crystals used in this study can be
confirmed to be ferroelectric below 30 K by dielectric permittivity measurements.
Fig. 2.25 shows the temperature dependence of the TO2 (polar) and TO3 (non-
polar) Raman line intensities in KLT. Note how the TO2 peak appears at higher
temperature than TO3. The onset of TO2 intensity occurs simultaneously to the
onset of remnant polarisation being detected. At lower temperature, the TO3
peak starts to emerge. As it does, there is a sudden drop in intensity of the TO2
mode. The temperature at which this occurs also corresponds to the temperature
at which the dielectric function has its peak.
The explanation given by the authors of this paper, which has been accepted
and carried forwards through the literature is that the TO3 (F2u) mode is optically
silent in the cubic phase, appearing in neither IR or Raman measurements. This
is a point of difference to the other hard modes TO2, TO4 and LO4 and to the
soft mode TO1, which are all IR active (or ‘polar’). Because of the polarity of
those modes, they are able to couple to even very small local polar regions, and
by this become Raman active. The appearance of TO2, TO4, LO4 therefore can
be linked to the appearance of polar micro-regions in the material, even where a
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Figure 2.25: Temperature dependence of first-order scattering in KLT. Above:
1% Li, Below: 4% Li. the 4% KLT has a ferroelectric phase transition at about
50 K, and one can see the spectral changes associated with it. 1% KLT is not
ferroelectric. Reprinted figure with permission from[2]. Copyright 1992 by the
American Physical Society.
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phase transition throughout the material does not occur. TO3, as it does not have
this access to polar activation, is a much better indicator of a phase transformation
into a cohesive structure that lacks centrosymmetry. I am somewhat skeptical of
this proposal. I am not aware of any mechanism whereby polarity of a mode can
activate Raman scattering, a different process which depends on different features
of the vibrations. Certainly, the authors propose no mechanism. However, this
much can be unambiguously said: in the high temperature, high symmetry phase
of KLT, none of the modes are active. In the low temperature, low symmetry
phase, all four modes are active. There exists a region of temperature in between
these phases in which the polar modes are active, and the silent mode is not.
Possibly there exists an intermediate phase of different symmetry between the two
established phases that could explain this.
At least in KLT, the TO3 mode appears concurrently with a ferroelectric phase
transition, with behaviour independent of polar ferroelectric modes. It is a little
lacking in rigour to assert that the same must be true of the TO3 mode in STO. In
the cases I have studied in STO, there have been a few cases where TO3 appears.
In some of those cases, ferroelectricity was measured directly through permittivity
measurements or hysteresis loops. In the polycrystalline thin film case, ferroelec-
tricity is very unlikely, although we cannot rule it out because we do not have
electrical measurements on the same sample as the one TO3 was detected in in
the Raman. It seems likely on this basis, that there are some non-ferroelectric
phases of STO which can still show TO3. However, the fact that there exist low-
symmetry, non-ferroelectric phases in which TO3 is silent is still helpful - it must
be used in combination with other spectral features.
2.3.4 General themes in STO systems
Polar micro-regions and the percolative phase transition
A major theme in the literature on STO is that of polar microregions (also
variously referred to as ferroelectric micro-regions, and local symmetry breaking
regions). Whatever the nomenclature, the term refers to an inhomogeneity within
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STO where there is a coexistence of phases in some temperature ranges inside
the material[39]. These regions are attributed to various different sources, such as
grain boundaries, interstitial cation defects, or 18O isotopes and the mechanism
described is always largely the same. These defects in the system can cause electric
fields. This can be an intrinsic effect, such as with interstitial ions, or it can be
achieved by causing one or more unit cells to enter a structure that has a dipole
moment, such as with 18O substitution. The electric fields extend a short distance
into the material, and induce a lower symmetry phase in the unit cells around the
defects. In these regions, the vibrational modes that are Raman silent in the cubic
phase of STO are no longer silent, and are seen in the Raman spectrum. The ability
of electric fields to induce lower symmetry phases in STO is well established[29][56].
As the temperature is lowered, the polar regions grow. In some samples, they grow
large enough to start merging and percolating, eventually forming a cohesive phase
of lower symmetry throughout the whole crystal. This growth and percolation of
polar microregions is thought to be the main mechanism for the ferroelectric phase
transition in STO systems, a very different mechanism to a first-order displacive
phase transition that is coherent throughout the material. Even in cases where
the phase transition occurs over a very small temperature range, there is strong
evidence for this mechanism as a mediator of the phase transition[38].
The cited paper further makes a distinction between local ferroelectric regions,
and local symmetry breaking regions that are not ferroelectric. They deduce that
both types of region are present in their samples, which are prepared with concen-
trations of 18O near to, but under the critical concentration for ferroelectricity. It
is important to be aware of this compexity in the ferroelectric phase transition of
STO when interpreting the Raman spectra.
Ferroelectric soft mode behaviour
Another major theme in the literature for STO is the behaviour of the ferro-
electric soft mode (EU symmetry in the tetragonal phase, often called TO1 in IR
and Raman studies). This mode is more easily seen in IR measurements, so I will
be drawing on IR as well as Raman measurements in discussing this mode. As
mentioned in section 2.3, the ferroelectric soft mode in pure STO softens towards
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zero, appearing to go towards a phase transition by the freezing of the mode at zero
frequency. However, at roughly the same temperature that deviation from Curie-
Weiss behaviour in the permittivity is detected, the mode slows in its softening,
never falling to zero and reaching only about 10 cm−1.
Various factors can act to either slow down the softening further, or to increase
it such that it does reach near zero levels, and subsequently start hardening again.
In both of the most clear examples of ferroelectric STO, Ca-substituted[43] and
18O substituted single crystals[38], softening to near zero and then hardening is
observed in this mode, and it is a very clear indication of a phase transition. Con-
versely, in many cases where permittivity is considerably weaker than in pure STO,
a striking lack of hardening is observed[57]. In studies of fine-grained ceramics of
STO[22], the dielectric permittivity was found to be on the order of one tenth the
strength of single crystals, and the ferroelectric soft mode softens no further than
60 cm−1, about six times the frequency of the single crystal case. The presence of
free conductors in the material also has this effect[58]. Electric fields have also been
shown to harden the soft mode in STO thin films[59][30] and in 18O substituted
STO[60]. In the latter case, the E-field also caused a splitting of the soft mode.
There have also been reported cases where the ferroelectric soft mode softens to
a value greatly above zero frequency (40 cm−1), then reverses direction and starts
hardening again from that raised frequency[44]. This sample was shown not to
be ferroelectric by permittivity measurements, and shows a similar weakness of
permittivity to the other ‘weak ferroelectric mode softening’ cases.
So in general, a ferroelectric soft mode which displays strong softening and sub-
sequent hardening is a good sign of ferroelectricity that we may see in the Raman.
Conversely, a soft mode at frequencies greatly above zero frequency suggests no
ferroelectricity, and a weakened dielectric response. These may not be hard and
fast rules, but they are what is commonly seen in the literature.
Muddying the waters of this analysis somewhat is the common existence of
polar microregions. In each of the different types of region, there is potentially a
different soft mode behaviour. One must keep this in mind when interpreting the
Raman spectra. This is explicitly used in the analysis of[38] to explain the overall
Raman spectrum, as a sum of contributions from the ferroelectric regions and the
non-ferroelectric regions.
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2.3.5 Summary of Raman signatures of ferroelectricity in STO
A summary of the features of the STO Raman spectrum that signal, or may signal
ferroelectricity is useful before examining my results. For clarity, the features
that are assigned here as being associated with ferroelectricity are those that are
associated with a peak in dielectric permittivity.
Strong indicators of a ferroelectric phase in the Raman:
• Ferroelectric soft mode (Eu symmetry in AFD tetragonal phase; 75 cm−1 at
300 K, drops towards 0 cm−1 as temperature tends towards 0 K)
– Temperature dependent softening above TC , eventually reaching near-
zero frequency
– Hardening, and huge increase in intensity below TC
– Splitting into three components below TC
• AFD lower-frequency soft mode component (Eg symmetry in AFD tetragonal
phase, 20 cm−1 at 15 K)
– Splitting into two components below TC
NB - although a strongly softening ferroelectric soft mode is a very good in-
dication of a ferroelectric phase transition, a hardened ferroelectric soft mode is
conversely a strong indicator of a lack of a ferroelectric phase.
Inconclusive indicators of a ferroelectric phase:
• Polar hard modes - TO2 (175 cm−1), TO4 (450 cm−1), LO4 (800 cm−1)
– Rapid rise in polar hard mode intensity - only rise over a small temper-
ature range is a good indicator of ferroelectricity. A rise occurring over
larger temperature ranges is an indicator of nucleation and growth of
local symmetry breaking regions, but not necessarily of a macroscopic
phase transition.
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• Non-polar hard mode TO3 (267 cm−1)
– This mode, silent in the cubic and tetragonal phases of STO is active
in the orthorhombic, ferroelectric phase. There is evidence of non-
ferroelectric phases of STO in which this mode is silent where other
first order modes are active. However, there also exist non-ferroelectric
phases of STO in which this mode is active. This mode is overall less
prone to be activated by polar micro-regions and other precursors to
ferroelectricity than the polar hard modes.
None of these hard modes are as good an indicator of a ferroelectric phase
as either of the soft modes. However, their higher frequency makes them easier
to observe. In both cases, temperature dependence of the modes can tell us far
greater amounts about the symmetry and phase transitions than a spectrum at
low-T alone. Obviously, the temperature range over which the mode intensity
increases is a continuous variable, and although there is a clear phase transition
at one end, and confirmed cases of non-ferroelectric STO at the other, the forms
taken in between are not well described by either ’displacive phase transition’ or
’paraelectric.’ It is difficult to draw a line separating the two, so this factor should
be considered together with other, more reliable features for best results. There
is also a continuous scale of ferroelectric properties in STO - seen most clearly in
the substantial body of literature on Ca-substituted STO. There is a threshold at
around 1% Ca-substitution activating a ferroelectric phase transition. increased
Ca-substitution beyond this threshold is associated with a broader temperature
range of polar mode intensity increase, and simultaneously with weaker ferroelec-
tric properties.
Using the method of temperature dependent ultraviolet Raman spectroscopy,
I have measured STO thin films epitaxially grown on various lattice-mismatched
substrates, and analyzed the results using the above framework.
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Experimental methods and materials
In this chapter, the experimental methods and materials are detailed. First, I list
all of the samples used in this thesis, including details on their preparation. Next,
the experimental techniques and apparatus are described. Finally, I discuss the
choice of Raman spectrometers and temperature control systems available to me.
3.1 Sample information
3.1.1 BNT-BT system
The samples used in this section of the thesis were ceramic pellets of
(Na0.5Bi0.5)1-xBaxTiO3, with x = 0, 0.025, 0.05, 0.06, 0.07, and 0.09. They were
fabricated by standard solid-state synthesis using Ba and Na carbonates and Ti
and Bi oxides. For the poling study, the ceramics were poled at 333 K in a field of
60 kV/cm for 10 minutes. The synthesis was carried out by Naama Klein at the
Swiss Federal Institute of Technology (EPFL).
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3.1.2 PT nanowires system
The samples used in this section of the thesis were nanowires of PT. The prepara-
tion of these wires is detailed in the following papers[3][61], and is repeated here for
completeness: First, nanowires of PTiO3 were prepared in the ‘PX’ phase using hy-
drothermal methods. The sample was prepared with a hydrothermal method simi-
lar to what is reported by Cheng et al.[61]. “For PX-phase PT, 4 mmol Ti(OC4H9)4
was first dissolved in 8 mL of ethanol and the resulting transparent solution was
hydrolyzed in 8 mL of deionized H2O. Subsequently, 20 mmol of KOH, 5.2 mmol
of Pb(CH3COO)2 · 3 H2O, and 0.050 g of polyvinyl alcohol (PVA) were added and
mixed under stirring. The volume of the final feedstock was adjusted to 40 mL
with deionized H2O. The ratio of Pb/Ti in the starting material was kept to
1.3 to ensure a complete reaction of TiO2 · n(H2O) gel. The 40 mL feedstock was
transferred to a 50 mL Teflon-lined autoclave and held at 200 ◦C for 3.5 h. The
products were washed with deionized H2O until a neutral pH is achieved and then
washed in 10 wt % CH3COOH solution to remove the remnant PbO. The final
pure PX-phase sample was obtained by another cycle of washing with deionized
water and dried at 60 ◦C in air.”
In order to transform the PX-phase wires into perovskite PT phase, the PX
nanowires were annealed in air at about 540 ◦C. The resulting wires were between
20 and 500 nm in thickness. The above material synthesis was performed by Jin
Wang at the Swiss Federal Institute of Technology (EPFL).
For Raman measurements and microscope and scanning electron microscope
(SEM) imaging, we wanted to look at single nanowires. Therefore, a small mass
of PT wires were diluted into isopropyl alcohol. The solution was sonicated to
separate the wires, and then the dilute solution was evaporated onto sapphire
substrates. This yielded disperse nanowires such that a single wire could be put
into the Raman laser spot. Two separate samples of wires dispersed onto substrates
are used in this study. Sample 1 had a higher concentration of nanowires dispersed
onto the surface. Sample 2 was was more dilute.
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3.1.3 STO thin films
The following samples of strained thin STO films grown by pulsed laser deposition
(PLD) were used in this section of the thesis:
• STO016: 50 nm of STO grown by PLD on a (001) STO substrate
• STO267: 100 nm of STO grown by PLD on a LaALO3 (001) substrate
• STO263: 30 nm of STO grown by PLD on a LaALO3 (001) substrate
• STO264: 50 nm of STO grown by PLD on a NdGaO3 (110) substrate
• STO004: 60 nm of STO grown by PLD on a (LaAlO3)0.29×(SrAl0.5Ta0.5O3)0.71
(LSAT) (001) substrate
• STO005: 140 nm of STO grown by PLD on an LSAT (001) substrate
• STO006: 10 5nm of STO grown by PLD on an LSAT (001) substrate
The samples were synthesised by using pulsed-laser deposition to create epi-
taxial growth onto the substrates listed. The substrates have lattice mismatches
with STO and so the epitaxial films are under strain, which is predicted to cause
ferroelectric phase transitions in STO[1]. On some of the samples, in-plane XRD
measurements have been made to find the actual strain in the samples. These
measurements are not my contribution. XRD measurements for the other strained
films are not available at time of writing, but are planned. These samples together
with their lattice mismatch and measured strain (where available) are presented
in tabular form below.
Sample name Substrate Lattice mismatch Thickness Measured strain
STO016 STO 0% 50 nm n/a
STO263 LAO -3.06% 30 nm 1.1% compressive
STO267 LAO -3.06% 100 nm 0.7% compressive
STO264 NGO -1.0%, -1.3% 50 nm 1.3% compressive
STO004 LSAT -0.95% 60 nm not available
STO005 LSAT -0.95% 140 nm not available
STO006 LSAT -0.95% 105 nm not available
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The synthesis of these samples was carried out by Tomoaki Yamada at the
Tokyo Institute of Technology and Nagoya University, except for those samples
grown on LSAT, which were synthesised by the author at Nagoya University. In
Chapter Six of this thesis, a strain is estimated for those films that we do not have
a measured value for.
3.2 Experimental methods
3.2.1 BNT-BT
The samples were placed into a Linkam THMS600 liquid nitrogen cooled cryostat,
and mounted on the microscope stage of a Jobin-Yvon T64000 Raman spectrom-
eter operated in triple subtractive mode. Spectra were detected in quasi-back-
scattering geometry (distorted from true backscattering geometry by the micro-
scope objective). The detection unit was a liquid nitrogen cooled charge-coupled
device. The 514.5 nm line of a Ar-Kr gas laser was used for excitation with power
kept at 100µW incident on the sample, and a monochromator was used to ex-
clude plasma lines. A 0.9 numerical aperture microscope objective was used for
imaging and collection. 1800 line/mm diffraction gratings were used in the pre-
monochromator of the T64000 as well as the third stage spectrometer. This ex-
perimental setup gave a spot size of diameter 3µm and resolution of 5 cm−1. As
the samples were ceramic, the spectra are of mixed polarisation.
The samples were first cycled down to 73 K, and then up above 500 K, above
the transition temperature for depoled samples, and then back to ambient tem-
peratures again. This was done to preserve the poling at low temperatures, and
to observe any hysteresis resulting from the cycling above the phase transition
temperature.
3.2.2 PT nanowires
Sample 1 (the more concentrated sample of PT nanowires dispersed on sapphire)
was loaded into the Linkam THMS600 cryostat and the T64000 Raman spectrom-
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eter. The same basic configuration was used as described for BNT-BT, with the
following exceptions: Additional microscope objectives, of numerical aperture 0.50
and 0.25 were used for imaging, though for the collection of the spectra the 0.9
numerical aperture objective was still used resulting in a spot of diameter 3µm.
The laser power was increased to as much as 1 mW incident on the spot in order
to increase signal from the smaller samples (note though that this was the power
in the whole spot and that especially in the case of the smallest wires, the spot
would be considerably larger than the wires measured). Because of the higher
power, we checked for laser heating effects by seeing if there was any difference in
the transition temperature with low and high laser powers. For this, the larger
wires with the highest signal were used and no effect of laser heating was mea-
sured. The entrance slits were closed further than for the BNT-BT measurements
resulting in a higher resolution of 3 cm−1. The crystal orientation of the nanowires
was not known at the time of study, and different samples had different in-plane
orientations. The excitation light was polarised in-plane (with distortion caused
by focusing of the microscope objective), and light was collected in all polarisations
to form the spectra.
Bundles of wires were measured with the spectrometer as the easiest wires to
identify and excite with the laser spot. The sample was heated up to 600 ◦C and
down to liquid nitrogen temperature, in an initial investigative study to which
individual and smaller wires could be compared. Using the optical camera alone,
small wires were unable to be located. So the next step was to use electron
microscopy to find appropriate wires.
Sample 1 was imaged in a scanning electron microscope, with the goal of locat-
ing and identifying nanowires of different diameters. Ordinarily for making SEM
images on weakly conducting samples, one would coat the sample with a few nm of
gold or platinum to conduct away charge accumulated by the imaging beam. Such
a coating is commonly made before SEM imaging to prevent buildup of charge.
Charge building up on the sample is a consequence of firing electrons at it. It
ruins image contrast, and happens over time, proportional to the electron imaging
flux, and inversely proportional to the conductivity of the sample. Giving a very
thin conductive overlayer to a sample helps transport away the charge that builds
up, and allows long integration images which would otherwise be impossible on
low conductivity samples. Our samples are low conductivity, however we wanted
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not to coat the samples at this stage of the experiment because we wanted not
to alter the Raman signal. This decision did impact on the resolution and image
quality we were able to achieve. Charging of the substrate meant that we could
not get high resolution images of nanowires with the smallest diameters, <100 nm.
Rough images of these wires were taken in this initial run, including maps. These
images were good enough to locate the wires in the optical camera, by using larger
wires and structures as landmarks. However, they do not give an accurate image
or measure of the diameter of the smallest of the wires.
Sample 1 was then loaded into the Linkam THMS600 cryostat and the T64000
Raman spectrometer. Wires identified and measured for size in the initial SEM
images were located using the series of microscope objectives of different magnifica-
tions. The temperature controller was then used to make temperature dependent
Raman measurements of these samples. The signal from the smaller wires was very
weak, which made long collection times (∼10 minutes) necessary to see a signal.
However, due to the spatial drift of the microscope stage and the small areas being
focused on, the laser spot would drift off the smallest wires in this time period.
Additional mechanical clamping of the cryostat to the microscope stage alleviated
the problem somewhat, however on some samples it was necessary to take many
one minute collections instead of a single longer one, and add the results together
in post.
After measurement of sample 1 failed to yield any nanowires for study below
100 nm in diameter, the more dilute sample 2 was examined. First SEM imaging
was performed on it in the same way described above, and this imaging was able
to find a large number of sub 100 nm wires.
Sample 2 was subjected to temperature dependent Raman spectroscopy, from
room temperature up to 500 ◦C where a step change was observed in the spectra,
and then were cooled back to room temperature.
Finally, after Raman measurements of sample 2 was complete, another round
of SEM imaging was done on this sample, this time with gold coating in order to
increase the conductivity of the surface and allow better imaging of the smallest
wires.
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3.2.3 Strained STO thin films
UV Raman spectroscopy was the tool used to measure these strained STO thin
films due to its surface selectivity. Making these measurements necessitated the
creation of new optical paths for excitation and imaging around the T64000 spec-
trometer.
The as-prepared films were measured using a Jobin-Yvon T64000 Raman triple
spectrometer, run in triple subtractive mode in two different configurations. In
the first configuration, samples were mounted in a closed-cycle helium cryostat,
which could measure down to 8 K in pressure of approximately 1× 10−5 Torr, and
were measured. The excitation source was the 325 nm line of a He-Ne gas laser,
and a solid plasma line filter was used to exclude plasma lines. The detection
element was a liquid nitrogen cooled charge coupled device, and the dispersive
elements used were 2400 line/mm diffraction gratings, blazed in the UV. The
sample-window distance in the cryostat was too great to use a microscope objective
for imaging and collection, so an alternative system of UV lenses needed to be
constructed. The laser beam was focused to a spot on the sample using a fused
silica lens with a focal length of 150 mm, numerical aperture 0.084. To image
the spot on the spectrometer’s focal plane, a fused silica lens with focal length
90 mm and numerical aperture 0.34 was used. This collection lens was mounted on
linear stages to grant fine three-axis translational control over its position. Raman
spectra were collected at approximately 45 degrees to the excitation, and unlike
in microscope objectives, this focusing lens did not significantly alter the angle
of incident light. A schematic of this imaging system is shown in Fig. 3.1. This
optical setup resulted in a spot size on the sample of 55µm, and a magnification
of 9.2 between the sample and the spectrometer imaging plane - therefore the spot
size at the spectrometer entrance was roughly 500µm. The total power within
this spot was approximately 3 mW. The larger spot size restricted our ability to
improve resolution without losing signal, so the resolution in most of the spectra
of STO thin films is 5 cm−1 – somewhat less well resolved than in BNT-BT. For
some spectra, the resolution lower than this figure at about 10 cm−1. Where this is
the case, it is noted in the caption to the spectra. The light incident on the sample
is of mixed polarisation relative to the sample crystal axes, and the collected light
is likewise of mixed polarisation in these experiments.
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Figure 3.1: Schematic of UV optical path between sample and spectrometer. This
figure is not drawn to scale, but it shows the light cone collected, the magnification
caused by the positioning and numerical aperture of the chosen UV lens, and the
filling of the spectrometer first mirror. Distances shown are measurements in mm.
In choosing the optical components for the imaging in this configuration, we
faced a trade off between throughput and maximum resolution. The signal from
these thin films is very weak, and making temperature dependent measurements is
a slow process. For such long timeframe measurements, sources of error other than
random counting noise start to have greater effects - unequal response of CCD
pixels, instability in the laser power and temperature control, interference from
cosmic rays to name a few. It is more optimal to collect with a higher throughput
and shorter collection time to reduce sources of error, so we wanted to collect
the largest possible solid angle of scattered light from the sample. However, as the
solid angle of collection grows larger, the mismatch between the effective numerical
aperture of the spectrometer, and that of the lens system also grows. The result of
this is a magnification of the laser spot image upon the slits of the spectrometer.
The magnification of the spot image restricts our ability to improve resolution of
the spectra by closing slits. The solid angle collected by the chosen system was a
28 degree cone, and this resulted in a magnification factor of 9.2. This produced
an image of the laser spot that was approximately 500µm in diameter. Using this
light cone resulted in a slight under-filling of the first spectrometer mirror, so none
of the collected light was lost in the dispersion.
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The second configuration had the samples mounted in the Linkam THMS600
stage. With this stage, it was possible to use microscope objectives to collect light
from the sample - but not to reach temperatures below 77 K. The configuration
was the same as the other UV T64000 lens configuration reported above with
the following exceptions: A UV-transparent microscope objective of numerical
aperture 0.32 was used for both imaging and collection. The resolution and laser
power in this configuration were the similar to the helium cryostat configuration,
but the spot size was approximately 35µm. In this configuration, both incident
light and collected light were of mixed polarisation relative to the crystal axes.
In addition to Raman spectroscopy, lab-XRD was performed on the samples
grown on LSAT substrates. a Bruker D8 Discover XRD system was used to perform
the measurement, with excitation from the copper Kα line. In these experiments,
the out-of-plane lattice constants of the samples were measured.
3.3 Experimental apparatus
The vast bulk of the work in this thesis consisted of taking temperature dependent
Raman spectra of various samples, so a more in depth investigation of the tem-
perature control and Raman spectrometer systems that were used is warranted.
3.3.1 Discussion of spectrometer systems
The main difference between the T64000 and the Labram spectrometers is in the
resolution that each system is able to achieve. The T64000 is able to achieve much
higher resolutions than the Labram, but it does so at the cost of higher throughput.
The Labram has significantly higher counts/sec in normal conditions.
There are four main elements of a spectrometer that influence the resolution.
In no particular order, they are dispersion, focal length, detection resolution, and
slits. See Figs. 3.2 and 3.3. Dispersion is the ability of the spectrometer to split
light into different frequency components, it is a measure of the angular spread.
Higher dispersion will push light rays further apart in space, resulting in higher
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resolution. The dispersive elements in both the Labram and T64000 are the same.
Diffraction gratings are used, and both systems have gratings up to 2400 lines
per mm available. Focal length is another factor in resolution of spectrometers.
The greater the distance between the dispersive element and the detector, the
further apart light of different frequencies will be in a direction transverse to the
beam path. Therefore, at the CCD where the signal is detected, each pixel will
collect a smaller range of frequency, and the resolution will be consequently higher.
Put another way, the same frequency range would be covered by more pixels in
the longer focal length case. In this category, the Labram has a slight resolution
advantage. Its dispersion length is 800 mm compared to 640 mm for the T64000.
(Note though that the T64000 can be run in additive mode, in which each of
the three sets of gratings is used to disperse, giving an effective focal length of
1920 mm. This mode was not utilised in the current study, as it has far inferior
capacity to detect low frequency signals, and it suffers from an overall drop in
intensity when the measurements we would like to make are already weak).
The detector resolution also influences the spectral resolution of the spectrom-
eter. The smaller the detection elements spatially, the higher a spectral resolution
is achieved. Both the Labram and the T64000 use charge coupled devices for de-
tection, and so the size of the pixels determines the resolution. The CCDs used
by each system are the same in terms of their pixel size.
Those three factors determine the resolution assuming a single light beam en-
tering the spectrometer on-axis. However, sample beams (and sample images)
have non-zero spatial extent. Light entering the spectrometer at a point that is
not the optical axis will be dispersed in the same way - but from a different point
of origin on the dispersion element. This blurs out the spectrum picked up by the
detector, leading to decreased resolution. In order to reduce the broadening from
this factor, it is necessary to place slits on the optical axis, and close them down
as much as possible. The T64000 has considerably better tools for reducing this
broadening than the Labram. Whereas the labram has only a single pinhole for
this purpose, the T64000 has a series of three slits. Each of the slits has good
tools for finely controlling the position of the beam within the slit, making the
alignment process considerably easier. The fact that the slits are single dimension
restriction, rather than the pinhole which is 2D restriction gives the T64000 much
better throughput at small slit widths as well - closing a pinhole decreases the light
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Figure 3.2: Sources of line broadening in Raman spectroscopy. Left: Dispersion.
Higher dispersion = greater resolution. Right: focal length. Greater focal length
= greater resolution.
cross section as 1/d2 whereas closing a 1D slit only reduces it by 1/d1. When run
in triple subtractive mode, the T64000 uses two of its three slits to achieve higher
spectral resolution (the first and third slits are used for this purpose). The second
slit is used to reduce the spectral window, and reject the Rayleigh scattered line.
As the slit-width induced broadening is the dominant factor in the overall
instrumental broadening for the experiments we want to perform, the advantage
in high resolution measurement goes to the T64000. The system is easier to align
for high resolution measurements, and has a higher throughput during them due
to the superior number, fine control and geometry of the slits.
The difference in the method of Rayleigh light rejections is the second major
difference between the two spectrometers. The Labram system uses a notch filter
to achieve rejection of the Rayleigh scattered light. Notch filters are sophisticated
band stop filters. They operate, in general, by using a periodic fluctuation inside
a material at the exact wavelength of the light to be rejected inside the material.
The effect of this is that the material becomes highly reflective to light of that
wavelength, without affecting other wavelengths overly much, a product of con-
structive interference. The best notch filters for Raman spectroscopy are made by
recording an interference pattern between two lasers in a gel structure. This gives
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Figure 3.3: More sources of broadening in Raman spectroscopy. The fabricated
spectra have been vertically offset for ease of viewing. Left: Detection pixel size.
Smaller pixels = greater resolution. Right:Slit width. Smaller slit width = greater
resolution. BUT - also smaller throughput.
a high level of coherence to the pattern, which results in a very narrow band stop
interval, and the sinusoidal pattern is superior to a square-wave pattern as might
be created by thin solid layers due to the lack of reflections.
As discussed above, the T64000 (when run in triple subtractive mode) uses an
intermediate slit to reject Rayleigh scattered light. The collected light is gathered,
then dispersed in the pre-monochromator. The light is then windowed by the
slit, blocking the Rayleigh scattered light. After this filtering, the light is then
refocused onto the third stage spectrometer grating and dispersed onto the CCD.
This method allows for very fine adjustment of the spectral window, and also has a
much sharper spectral cut-off than that provided by a notch filter. When working
close to the laser line and attempting to resolve peaks in the low wavenumber
region (< 100 cm−1) the T64000 is the best of the two systems to use.
3.3.2 Discussion of temperature control systems
Two temperature control systems were used in the Raman experiments of this
thesis. The first is a Linkam THMS 600 nitrogen cooled cryostat, and the second
is a closed-cycle helium cryostat. The Linkam stage’s main advantage is its short
window-to-sample distance, close enough to allow a long working distance micro-
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scope objective to focus and image the laser spot. Using a microscope objective
has numerous advantages, including higher throughput, smaller spot size, short
depth of field and confocal ability, and microscope (white light) imaging to pick
out small features. However, there are one or two disadvantages to using micro-
scopes as well. The main one is that polarisation information of the incoming
light is easily lost due to the high angles the objective turns the beam at. The
result is mixed polarisation excitation, which is less useful for making polarisation
dependent measurements. The degree of mixing is proportional to the numerical
aperture of the objective of course, so using a low N. A. objective can usually
mitigate this problem to a sufficient degree for most experiments. The helium
cryostat system requires a macroscopic lens to create a focused spot on the sam-
ple. In theory, a lens with focal length a minimum of 30 mm could be used with
this cryostat, but in practice a 150 mm lens is used. This allowed more space be-
tween the focusing and collecting lenses so that adjustments could be made. The
longer focal length lenses have a greater depth of field, and a smaller numerical
aperture, so the spot they can create on the sample is larger and less focused
than that of the microscope, leading to lower throughput. While the separation
of focusing and collection lenses in this set up does allow for measurements to be
made in a number of configurations besides back-scattering, the need to align two
lenses instead of one is a hassle. It is not always the case that a small spot size
is an advantage, however. When measuring microstructured samples, or anything
else that may be expected to show variation on a micron length scale, it is in-
dispensable. However, when measuring samples that are consistent on a micron
length scale, it makes the measurements more sensitive to precise positioning of
the sample. When measuring the thin STO films, the short depth of field given by
the microscopes gave a variation in the signal as the sample surface shifted up and
down due to thermal expansion and contraction. This introduced a new source of
experimental error into the measurements. However, using the long focal length
lenses in the macroscopic configuration, the depth of field was much larger than
the sample, and the variation in sample height was not sufficient to produce an
altered signal. As a consequence, the macro measurements are more consistent
than the micro measurements in that case.
The main advantage of the helium cryostat is of course its low temperature
range. Refrigeration in the helium cryostat is achieved via closed-cycle expansion
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and contraction of helium gas through the Gifford-McMahon cycle. The sample is
mounted on a copper block using vacuum grease for good heat conduction inside a
cold finger. The refrigerator is always on at constant power, and variable resistive
heating is used to control the temperature, the heating is controlled automatically
by a microcontroller. This allows measurements in practice of temperatures as low
as 8 K. This cryostat is not designed to cope with high levels of heat extraction
though, so it cannot be operated above room temperature. Temperature control in
the Linkam cryostat is achieved through flow of liquid nitrogen through the metal
hearth on which the sample rests, and resistive heating in the same hearth. Both
the resistive heating and the nitrogen flow rate are variable, and the function is
similar to a coarse-fine control system, with coarse adjustments made using the
nitrogen flow level, and fine adjustments made by varying the resistive heating.
The nitrogen can be controlled manually, and the resistive heating is automatic,
controlled by computer program. The nitrogen flow is not closed cycle, and ni-
trogen is consumed in the process. Because of this, continuous measurements are
limited by the capacity of the nitrogen dewar, giving a limit of as low as one or
two hours at maximum flow rate (i.e., minimum temperature). This time limit
has been problematic on occasion in this work. The Linkam has a temperature
range of between -195 ◦C to 600 ◦C. At high temperatures, water cooling flow is re-
quired to avoid overheating of the outside of the cryostat, and melting of electronic
components. We also noticed that operating near the high temperature limit in
the Linkam resulted in cracking of the cryostat window. Whether this was caused
by high temperatures alone, or by the change in temperature during cooling from
high temperatures we are not certain. One final note about the temperature range
of the two systems is that the Linkam is considerably more agile through most of
its temperature range. Changes in temperature can be made rapidly, at 40 K per
minute without introducing faults or breakages and potentially higher, though this
was not tested. The helium cryostat is very slow on cooling from room tempera-
ture to below 50 K. That process takes one or two hours. However rapid cooling is
achieved from about 50 K down to 8 K. The cooling operates in a cyclical process,
which is able to extract only a certain amount of heat energy in a cycle. Most
materials, including the materials from which the cryostat is built show a rapid
decline in heat capacity as temperature tends towards 0 K. Thus, less heat extrac-
tion is required to lower the temperature in the <50 K range and faster cooling is
achieved. Although the rate of heat extraction can be expected to vary somewhat
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as the temperature difference between the reservoir and the sample decreases, this
effect is comparatively small and the heat capacity effect dominates the rate of
temperature change.
The last significant point of difference between the systems is the helium cryo-
stat operates under high vacuum, whereas the Linkam operates at ambient pres-
sures. The pressure in the helium cryostat is lowered using two pumps in series;
a diaphragm pump for rough pumping, and a small turbo pump. The operating
pressure is in the order of 1×10−5 Torr. Taking Raman spectra of a sample in vac-
uum is advantageous, in that one will measure no nitrogen (or other atmospheric)
lines in the Raman spectra. These lines are typically weak, but when one is mea-
suring a weakly scattering sample, as is the case in the following experiments,
then the removal of these lines is of great benefit to the interpretation of the spec-
trum in the low wavenumber region. The Linkam cannot be run in high vacuum
because the window is not designed to handle high pressure differentials. How-
ever, the atmospheric measurements can be advantageous in some circumstances
as well. One does not have to use air to fill the cryostat chamber. During the
course of measurements we have charged the chamber with pure nitrogen, helium,
and argon gases. One can also flow gas through the chamber during experiments,
which may be useful in the case of studying the reaction of a chemical to different
gas conditions. It is also, of course, possible that a material may change directly
in response to a low pressure environment, making low pressure measurements
impossible. Materials may evaporate or sublimate, for example.
For most of our experiments, the deciding factors are the accessible temperature
range, and the greater throughput of the microscope objectives. Accordingly, the
Linkam is used except in circumstances where low frequency or low temperature
measurements are required.
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Chapter 4
Results - BNT-BT
This chapter reports the results of Raman experiments made on BNT-BT ceramics.
BNT-BT is a lead free ferroelectric, so it has technological interest, and it is a bulk
material which makes it easily accessible to experiments. Raman spectroscopy
measurements of this material were absent from the literature, so it was therefore
a good material to begin measurements on, as an easy experiment for which we
could make a valuable contribution. I collected Raman spectra of this material
and examined them for signals of a structural phase transition in the material, and
the implications are discussed. The findings of this section were published in 2010
in [4]. It must be pointed out that some of the data presented in this section was
collected prior to the beginning of the Ph. D. programme. The most important
contribution made to this work as part of the Ph. D. was the poling study, section
4.3.
A list of samples used in this chapter may be found in section 3.1.1, and the
experimental method used in section 3.2.1.
4.1 Raman study
We conducted a study of the BNT-BT system by Raman spectroscopy to find
out more about the structural phase transitions of BNT-BT, about which there
had been some questions[62][63]. Raman measurements were missing from the
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literature on this material, and we felt that they could help resolve the outstanding
questions.
We discovered that whereas bulk electrical measurements show a discontinuous
change at about 350-400 K for x > 6%, there is no sign of a discontinuous change
at this (or any nearby) temperature in the Raman spectrum. This contrasts to the
case for x < 5%, for which both Raman and bulk electrical measurements show a
discontinuous change.
Fig. 4.1 summarises these results. In the figure is shown the Raman spectra
of two samples at near 100 K: BNT-5%BT and BNT-6%BT, and the same two
samples at 400 K. The key features of the low temperature 5% spectrum are:
Peaks at 140 cm−1 and 290 cm−1, and a doublet peak at 530 cm−1/590 cm−1. In the
case of the 6% sample, the 140 cm−1 peak is at lower frequency 120 cm−1 and has
decreased in intensity; the 290 peak has split into a doublet at 260 cm−1/320 cm−1,
the lower half of the doublet at 530 cm−1 has increased in intensity; and the upper
half is at higher frequency 620 cm−1. The former spectrum shows BNT-BT in
rhombohedral symmetry, and the latter in tetragonal symmetry. The exact same
spectral changes are seen upon raising the 5% sample to 400 K - the softening of
the 140 cm−1 mode, the splitting of the 290 cm−1 mode and the hardening of the
590 cm−1 mode. Note that the modes are all also broader, corresponding to the
increased temperature. The high temperature 6% spectrum shows almost identical
features, including the broadening, and this shows the two samples have the same
local structure at this temperature. I also provide a more detailed view of the
spectra of the 5% sample going through the phase transition in Fig. 4.2
4.2 Phase diagram
Our interpretation of these results is that the tetrahedral phase has a long range
polar coherence at temperatures below the electrical phase transition. Near the
electrical phase transition, the size of coherent ferroelectric domains shrink as the
temperature rises and the moments cancel out in average. The structural symme-
try however, does not change over this region - there is no accompanying structural
phase transition. Starting from the pure BNT, 0 K point in the phase diagram,
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Figure 4.1: Spectra of BNT-BT taken by the author in a previous study. The
spectra have been vertically offset for ease of viewing. The top (red) spectra
are taken at high temperatures, and the bottom (black spectra) are taken at low
temperatures. Left: 5% Ba-substituted BNT, Right: 6% Ba-substituted BNT. The
arrows show features in the spectra including a discontinuous drop in the frequency
of the 150 cm−1 mode, and the splitting of one peak into two near 300 cm−1. The
spectra show no phase transition from low to high temperature in the 6% BT
sample, in opposition to what was found for bulk dielectric measurements.
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Figure 4.2: Temperature-dependent spectra of BNT-BT taken by the author in a
previous study. The spectra have been vertically offset for ease of viewing. The
spectra show the 5% BT sample being taken up in temperature over the phase
transition between rhombohedral and tetragonal symmetries. Inset: Fitted peak
frequencies of the Raman modes seen in the spectra. A discontinuous change can
be seen in these at 380 K.
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either increasing the concentration of BT above 5% or increasing the temperature
above 375 K will transform the material from rhombohedral into tetragonal geom-
etry, both cases in a first-order phase transition. This phase extends above and
to the right of the rhombohedral phase, and eventually after further increases in
temperature there is a transition to cubic structure. This explanation is consistent
with x-ray diffraction (XRD) studies which do measure a discontinuous change in
this region of the phase diagram: with the domains small and omnidirectional
enough to result in a null macroscopic polarization, the long-range average signal
that would be picked up by XRD would appear different to that of an ordered con-
figuration of domains. The different results are reconciled as Raman is a probe of
local structure[64], whereas XRD is a probe of structure over longer length scales.
Using Raman spectroscopy, we were able to discover the nature of the phase tran-
sition between the ferroelectric and non-ferroelectric regions of x ≥ 6% BNT-BT
(as marked in the Takenaka phase diagram) is not displacive, but order-disorder
driven. The change in electrical response occurs not because of a change in the
crystal structure in the material, but because coherent long rage polar order is lost
over this transition.
Fig. 4.3 Shows the phase diagram of BNT-BT reflecting our Raman spec-
troscopy results. Open points are step changes in electrical measurements of our
BNT-BT samples, closed points are step changes in the Raman spectra. There is
an electrical phase transition in high BT samples above 350 K, as shown by the
empty points. However, there is no structural phase transition accompanying it
as shown by the absence of filled circles. Structurally, the phase marked Zone III
in this diagram, and marked as antiferroelectric ‘AF’ in Takenaka’s diagram is the
same phase. The point at 350 K and 5,5% Barium substitution is therefore not a
structural triple point.
This research suggests that we may be missing part of the picture in attributing
the remarkable piezoelectric properties of PZT to an MPB on its own. It is a result
supporting the conclusion of another recent paper studying a different ferroelectric
system: that the termination of a MPB at a tricritical point between ferroelectric
rhombohedral, ferroelectric tetragonal and paraelectric cubic is a crucial factor in
the enhancement of d33[65]. A tricritical point of this kind is present in PZT,
and also in the new material studied by this paper which resulted in a similarly
strong enhancement of d33 as that found in PZT - but not in the BNT-BT system
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Figure 4.3: Phase diagram of BNT-BT based on Raman measurements of our
samples. Zone I is ferroelectric and rhombohedral, zone II is ferroelectric and
tetragonal, zone III is tetragonal, but is not ferroelectric. (Open symbols measure
phase transitions as a function of temperature, closed symbols show implied phase
transitions – 5% sample is Rhombohedral and 6% sample is Tetragonal at this
temperature). Note the lack of any Raman signal of a phase transition between
zones II and III, and contrast this with Fig. 2.1, the phase diagram in Takenaka
et al. [16]. There is no structural change accompanying this electrical phase
transition.
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according to the Raman data. A tricritical point would in theory create an even
flatter free energy landscape than an MPB, as not two but three different structures
coexist under those conditions at near-identical energies, granting access to a huge
range of states to mediate polarisation rotation.
Further to the above result, the research proves the value of Raman spec-
troscopy to the study of ferroic phase transitions. Until the result was published,
it was widely thought that each of the phases observed by Takenaka corresponded
to a different structural phase. This shows the importance of measuring directly
the local structure rather than bulk average structure, and Raman spectroscopy
is an excellent tool for making these types of measurement.
As bulk dielectric measurements that suggested a phase boundary between
the ferroelectric tetragonal region and the anti-ferroelectric region are carried out
on samples that have been electrically poled, due diligence required that we also
carried out Raman experiments on similarly poled samples. We sought to find out
if the Raman spectra of the poled samples show a structural phase transition or
not. If so, it would suggest a change in the structure is caused by poling, which
would also be an interesting result.
4.3 Poling study on BNT-BT
Samples of BNT-BT produced the same way as the samples used above were then
poled in an electrical field - see section 3.2.1
The 5% Ba-substituted poled sample showed no significant changes from the
non-poled samples in their Raman spectra, and in fact show no differences across
the temperature range accessible to this apparatus. Similarly, samples with x < 5%
showed no difference. However, the 6% sample showed dramatic differences. At
ambient temperatures, and when cycled down to 80 K, the sample displays a single
peak at 280 cm−1 rather than a doublet, the 600 cm−1 peak is not hardened and
the low frequency peak is not softened; its spectrum is strikingly similar to the
rhombohedral spectrum, and we conclude that the act of poling has shifted the
sample into the rhombohedral phase. Fig. 4.4 shows spectra the poled 6% sample
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Figure 4.4: Raman spectrum of the poled 6% sample compared with spectra of
the depoled samples at 5% (Rhombohedral) and 6% (Tetragonal). The spectra
have been vertically offset for ease of viewing. The poled sample is dissimilar to
the depoled sample of the same composition. Reprinted figure with permission
from[4]. Copyright 2010 by the American Physical Society.
of BNT-BT compared with the spectra of depoled 5% and 6% BNT-BT measured
at room temperature - note that the spectrum of the poled sample looks more
similar to the 5% unpoled spectrum than to the 6% unpoled spectrum. A closer
examination of the poled spectrum shows that there is a broadening of the peaks
compared to the unpoled samples, indicating that the poled sample is in a mixed
phase. Fig. 4.5 shows results of fitting the poled spectrum to a weighted sum of
the 5% and 6% unpoled samples, suggesting that there is about a 20% contribution
by the tetragonal phase in the poled sample.
Upon heating the sample above 375 K, the poled sample goes through the
rhombohedral-tetragronal phase transition in the same way the x < 5% samples
do; the 280 cm−1 peak spits into two, the 600 cm−1 peak hardens and strengthens
and the low frequency peak softens. Fig. 4.6 shows dielectric permittivity measure-
ments of the poled samples compared with the unpoled ones (these measurements
not my contribution). At low temperatures, the unpoled samples show a clear fre-
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Figure 4.5: Raman spectrum of the poled 6% sample compared to a line created
from a 80/20 mix of spectra of depoled samples. The spectra have been vertically
offset for ease of viewing. This suggests that the 6% poled sample is in a mixed-
phase. Reprinted figure with permission from[4]. Copyright 2010 by the American
Physical Society.
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quency dispersion, but the poled samples are independent of frequency. However,
at 375 K, the same temperature as we observe the phase transition in the Raman
spectra, the lines for the different frequencies split apart, matching the unpoled
sample. The BNT samples show a peak in permittivity at just under 600 K. this
peak corresponds to the paraelectric to anti-ferroelectric phase transition, above
the phase transition we are investigating in this study.
On return to room temperature, the rhombohedral phase is never recovered, as
measured by the Raman spectra. The sample was tested again after several days
to be sure, as it takes the 5% (depoled) sample a day or so to completely revert
to the rhombohedral phase after being cycled above the transition temperature.
4.4 Effect of poling on the phase diagram
The obvious interpretation is that cycling the poled 6% sample above 375 K depoles
the sample, and subsequently the equilibrium phase of a 6% substituted sample
is returned to tetragonal, so no transformation back to rhombohedral is observed.
Seen in another way, the potential energy of this system contains a term describing
the interaction of the dipole moments (the self-dipole term). This term favours the
rhombohedral, ferroelectric phase (refer to Fig. 2.1). When the dipole moments
are lined up, which can be caused by poling, this term is large. In the 6% sample,
the energy difference between tetragonal and rhombohedral is small and this is
sufficient to change the equilibrium phase at room temperature of the material to
rhombohedral. Now in the rhombohedral phase, the poling order of the material
is more stable, and results in a higher remnant polarisation once the external field
is removed. The energy contribution at this point is still large enough that the
equilibrium phase is rhombohedral. Finally, given enough thermal energy the order
of the dipole moments will be destroyed, randomising the directions and lowering
the contribution of the self-dipole term to zero. When the material is subsequently
lowered in temperature, the self-dipole term remains zero, so the equilibrium phase
is back to being tetragonal, and no phase transformation back to rhombohedral
occurs.
The 7% and higher poled samples also had identical temperature-dependent
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Figure 4.6: Dielectric permittivity of the 6% samples - poled and depoled. A tem-
perature of depoling is clearly seen and is marked. Below this temperature, there is
a notable difference in the permittivity for poled and unpoled samples. Reprinted
figure with permission from[4]. Copyright 2010 by the American Physical Society.
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Raman spectra to their unpoled versions, so it can be seen that poling the samples
has significant effects only very close to the morphotropic phase boundary, where
the phase of the BNT is most unstable. The poling stabilises the rhombohedral
phase in favour of the tetragonal one, shifting the phase boundary to the right by
1% or so. The unstable nature of BNT-BT near this morphotropic phase boundary
indicates that there is indeed a significant flattening of the free energy near this
boundary. This facilitates easy switching between polarization directions, and is
the source of the enhancement of the piezoelectric response. However, as noted in
the earlier result, the morphotropic phase boundary does not terminate in a triple
point, as PZT does.
The fact that the spectra we measured showed a mixed phase might be signif-
icant, but it is probably not. At least one obvious explanation for the observed
phase mixing exists: It is reasonable to expect that at some substitution level
without poling, the material would also be in a mixed phase. That we did not
detect this in the unpoled sample could be explained by the fact that we only have
coarse variation in composition, 1% steps, and the shift of the MPB in the phase
diagram to the right is known to be a shift of less than 1%. It is reasonable to
interpret that the shift put the region of mixed phase in the phase diagram over
the exact composition that we measured.
4.5 BNT-BT conclusions
The Raman data on BNT-BT that we collected showed that the electrical phase
transitions in this system did not wholly correspond to the structural phase tran-
sitions in it. Although there is a step change in the electrical properties between
phases designated as FE and tetragonal ferroelectric in previous work, both those
regions of the phase diagram were shown to have the same structural phase. The
electrical step change is caused by a loss of long-range order in the tetragonal
ferroelctric phase.
In electrically poled samples, we find a comparative stabilisation of the rhom-
bohedral phase over the tetragonal phase in samples near 6% substitution. The
effect is weak, applying only very near to the morphotropic phase boundary, and
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furthermore is an inherently hysteretic effect, with thermal destruction of polar
order sufficient to revert the material back to the unpoled phase diagram. Poling
the samples does not affect the electrical step change discussed above.
The results suggest that a tricritical point is a crucial component in the highest
piezoelectric enhancements found in PZT and other ferroelectrics; And that the
low enhancement of BNT-BT compared to this and other systems can be explained
by the absence of such a point in the phase diagram, and correspondingly a less-
flat free energy landscape. Whereas before it was assumed that BNT-BT had a
tricritical point such as this, the Raman spectra have proven that not to be the
case.
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Chapter 5
Results - PT Nanowires
This chapter reports the results of experiments on the lead titanate nanowire
samples. Raman spectroscopy and SEM images are obtained for this system. The
wires were found to have an anomalously enhanced cubic-tetragonal structural
phase transition temperature when their diameter is close to 100 nm. TEM are
subsequently taken of these samples (TEM not the contribution of the author).
The images subsequently revealed a similar enhancement of the tetragonality in
the wires, also diameter dependent and peaking at 115 nm. A possible reason for
this enhancement is discussed. A list of sample used in this chapter may be found
in section 3.1.2, and the experimental method used in section 3.2.2.
5.1 Sample 1 - >100 nm PT nanowires
5.1.1 Initial SEM imaging
Initial Raman spectroscopy measurements were made on bundles of PT nanowires
in order to establish collection parameters that would result in the highest possible
throughput. Next, SEM images were taken of sample 1 to locate and identify single
nanowires of a range of diameters that could be measured by Raman spectroscopy.
Fig. 5.1 are SEM images showing the morphology of the wires. Wires on the
substrate are typically clustered together into bundles, with a few wires of similar
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orientation stuck together on the substrate. Individual wires diameters on sample
1 varied from a little over 100 nm to around 1µm, with lengths as much as tens
of micron. Some wires also showed a divergence, with one stem splitting into
several thinner branches. More rarely, a single wire was seen on the substrate (ie
- not a bundle). Singular wires are preferred for Raman measurements, so that
inhomogeneity of the wires will not affect the results.
SEM images d), e), and f) in Fig. 5.1 show the three wires that were measured
by Raman spectroscopy in this study. They have diameters of 650 nm, 250 nm,
and 125 nm respectively. Note that the wires of 650 nm and 125 nm are not totally
singular. In the case of the 650 nm wire, there are a few smaller wires present on
the larger wire. However, the contribution from the large wire should hopefully
dominate the spectrum. For the 125 nm wire, there are two wires that make up
most of the bulk, and there are a few other wires besides. Although this is not ideal,
this was the best example on the substrate of smallest-diameter wire by itself we
were able to find. All of the wires present in this small bundle at least have similar
diameter, so hopefully the spectrum still gives us a reasonable approximation of a
single nanowire. In this case, the laser spot was directed to the upper part of the
wire, although because of the size of the spot, part of the other wires would also
have been illuminated.
5.1.2 Raman features
The Raman spectrum from the 650 nm thick wire at 100 ◦C is shown in Fig. 5.2.
The lead titanate peaks are clearly visible, and there is a small peak at 414 cm−1
visible from the sapphire substrate. The size of this wire is large enough that most
of the laser spot is filled with the wire, so signal to noise is strong in this case. This
sample was taken up in temperature until the tetragonal-cubic phase transition
was found, to give us an example of what to expect in the Raman spectra for
this event. Fig. 5.3 shows the results. In these spectra, there is a narrow peak
at 42 cm−1. This is a plasma line. Note that all the PT lines are weaker than at
low temperature. The peak at 71 cm−1 (at 470 ◦C) is the most prominent, and
has the most significant behaviour. The peak shows a dramatic softening as the
temperature is raised from 470 ◦C to 500 ◦C, dropping from 71 cm−1 to 54 cm−1 at
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Figure 5.1: SEM images of PT nanowires showing morphology. The wires shown
in d) e) and f) were used to obtain Raman spectra and have diameters of 650 nm
250 nm and 125 nm respectively.
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Figure 5.2: Raman spectrum of a large PT nanowire used in this sample. The first
order peaks are clear in the tetragonal, ferroelectric phase.
495 ◦C just before disappearing. The other PT peaks in the spectrum also weaken
significantly between 495 ◦C and 500 ◦C. All these modes are Raman silent in the
cubic phase, so the assignment of this spectral change as corresponding to the
tetragonal-cubic phase transition is easy to make.
Fig. 5.4 shows the Raman spectra of the three different wires - 650 nm, 250 nm
and 125 nm thick - at three different temperatures - 400 ◦C, 500 ◦C and 600 ◦C.
One can notice that the signal to noise ratio in the thinner wires is less in general
than in the thicker wire, and that the signal to noise ratio also is inconsistent
between measurements for the thinner wires. This variation is due to experimental
difficulties of centering and holding the laser spot directly over the thinner wires,
numerous readjustments of position needed to be made to keep the sample in
the spot, and small differences in position would undoubtedly have occurred. It
is also difficult to focus the microscope objective perfectly for the thinner wire
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Figure 5.3: Temperature dependent Raman spectra of a large PT nanowire. The
spectra have been vertically offset for ease of viewing. This wire shows the
tetragonal-cubic phase transition at 500 ◦C, the same as bulk PT.
119
5.1. Sample 1 - >100 nm PT nanowires
measurements. Usually one can achieve optimum focus by collecting spectra for
a few seconds and adjusting until maximum Raman signal is attained, but in
these cases the signal from the sample is too weak to make a noticeable peak
in a recording of a few seconds. As a consequence, it is quite likely that the
collection conditions are not ideal, and not 100% consistent. This can be seen
in the spectra. This makes it difficult to use the amplitude of peaks as a reliable
indicator for structural changes in the wires. However, the focusing and positioning
imperfections will not affect the frequency of the peaks measured, so these can still
be considered reliable. We use the frequencies - in particular, the softening of the
lowest frequency mode - as our indication of the phase transition. The softening
behaviour of the vibrational modes in bulk PZT is well established[66].
At 400 ◦C, all three wires are clearly in the tetragonal phase. At 500 ◦C, the
650 nm wire has lost almost all of the intensity of the tetragonal peaks, and dis-
plays predominantly the cubic Raman spectrum, and the 250 nm wire, while still
in the tetragonal phase shows a pronounced softening in the low frequency peak.
The 125 nm wire remains tetragonal, with minimal softening shown. At 600 ◦C,
both the 650 nm and 250 nm wire have lost their tetragonal modes and show pre-
dominantly the cubic spectrum, but the 125 nm wire is still quite clearly in the
tetragonal phase, with some softening of the low frequency mode.
5.1.3 Temperature dependence and phase transition
The low frequency region of the spectra of all three samples was fitted to two
Lorentzian lines using a least-squares fitting method. One peak modeled the soft
mode, while the other peak modeled the background with the central frequency
noise. The results of the peak fitting are displayed in Fig. 5.5. The points are the
central frequencies of the Lorentzians fitted to the experimental data. The cubic
to tetragonal transition temperature is 500 ◦C in the 650 nm wire, which is the
same behaviour as the bulk material. It is raised to about 530 ◦C in the 250 nm
wire. In the 125 nm wire, it is still in tetragonal at 600 ◦C as mentioned above.
The 125 nm wire shows noticeably broader peaks than the larger wires. 600 ◦C is
the upper limit of the temperature control apparatus, so we can only project a
transition temperature. A simple square-root fit to the data predicts a transition
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Figure 5.4: Raman spectra of three wires at three temperatures. The spectra have
been vertically offset for ease of viewing. In blue: 125 nm wire, red: 250 nm wire
and black: 650 nm. At 475 ◦C all three wires are in the tetragonal phase. at 500 ◦C,
the smaller two wires are tetragonal and the largest wire is cubic. At 600 ◦C, the
larger two wires are cubic and only the smallest wire is still in the tetragonal phase.
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of about 675 ◦C. It should be noted that this projection is very rough - it is based
on a noisy data set which does not show sharp frequency variation over the region
we have data for. However, even a 100 ◦C increase in transition temperature -
which we do have unambiguous measurements for - should be seen as a hugely
significant change in structural dynamics from the bulk case.
So the increase in transition temperature that we measure in these wires is
strongly dependent on the diameter of the wires. On this sample however, we
were unable to find any wires under 100 nm to measure by Raman spectroscopy.
5.2 Sample 2 - <100 nm PT nanowires
5.2.1 Initial SEM imaging
A sample of PT nanowires dispersed with a higher dilution on a different substrate
was studied in a similar manner. On this sample, SEM imaging was done prior to
any Raman measurement or temperature changes. The imaging was able to pick up
a multitude of nanowires smaller than 100 nm. Figs. 5.6 and 5.7 show preliminary
SEM images of these regions of wires. In part a) of Fig. 5.6, a red circle shows
the location where we directed the Raman laser spot in subsequent measurements.
part a) of Fig. 5.7 shows a higher zoom image of this area. For these SEM
images, the sample was not coated in a thin conductive layer. The images are
therefore of lower resolution than is ideal, and we were unable to measure properly
the diameter of these wires. High resolution SEM images would be taken after the
Raman measurements, we just needed some rough images to tell us where to direct
our laser spot. One can see the regions of nanowires in these images. The circle
superimposed on the image is the approximate size of the laser spot for Raman
imaging. The region shown was chosen as the best candidate to try and get a
spectrum from.
The wires we were looking at now are very much smaller both in length and in
width than the size of the laser spot of our Raman measurement. So measuring
a single nanowire of this size would mean very little volume of PT was being
excited, resulting in a weak signal. A region containing many sub 100 nm wires in
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Figure 5.5: Temperature dependence of soft mode frequency of the three wires
showing softening. Recall that the 125 nm wire is still tetragonal at the high-
est temperature measured. Its soft mode frequency at 600◦C is still above the
frequency at which the mode disappeared in the other wires measured.
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the space of a laser spot was therefore advantageous to increase the total scattering
volume of PT we could address in the measurement. The spot chosen had no wires
overlapping, which was a nice bonus. Several wires would be illuminated during a
single measurement, and we do not have an accurate measurement of the diameter
of the wires, but every wire in the measuring region would be of diameter well
below 100 nm. Our best estimate of the average diameter of nanowires in this
region is 60 ± 20 nm. This figure was obtained from the SEM image in Fig. 5.7
part b.
5.2.2 Raman spectra
Fig. 5.8 shows raw Raman spectra taken in this spot. The measurements were
far from trivial due to the weakness of the signal. However, with sufficiently
long integrations (these samples were integrated for 10 minutes each) some PT
peaks can be made out from the noise – both the random component and the low
frequency component. The low frequency component is very pronounced in these
measurements – the slit width had to be increased in order to achieve a reasonable
strength of signal, so the laser line itself was broadened and it dominates the
spectrum at low frequency.
First of all, the small sharp peak at 87.5 cm−1 in all the spectra is a plasma line.
The features at 377, 415, 450 and 479 cm−1 are lines from the sapphire substrate.
From the PT, the most easily seen peak is the 287 cm−1 peak. This can be seen
in the raw spectrum at each temperature. In the clearer spectra at 300 ◦C and
400 ◦C, the other PT features at about 85, 150 and 210 cm−1 can be made out by
eye. Fig. 5.9 shows a comparison of the spectrum at 450 ◦C to that at 500 ◦C. At
500 ◦C, there is a big drop in overall intensity of the spectrum. Also significant is
the complete disappearance of the PT line at 287 cm−1. The sapphire lines remain,
and their intensity is not significantly changed from the 450 ◦C case.
To better reveal the PT lines, a Lorentzian line was fitted to the central fre-
quency signal in each spectrum, and the line subtracted from the raw data. The
result is shown in Fig. 5.10. The plasma line has also been removed in these spec-
tra, for ease of viewing. In these spectra, the signal to noise is very weak, but it is
much easier to pick out the PT features. The soft mode can be seen softening in
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Figure 5.6: SEM images showing the smallest wires studied. A red circle in part
a) shows on this figure the location and size of the laser spot used to make Raman
measurements b) measurements made on the crossed wires can be used to make
comparisons for the insufficiently resolved wires.
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Figure 5.7: SEM images showing the smallest wires measured. These are the
highest resolution images of the wires measured prior to measurement.
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Figure 5.8: Raw temperature dependent Raman spectra collected from the region
of sub 100 nm PT nanowires. The spectra have been vertically offset for ease of
viewing. The spectra are dominated by the central frequency noise. The features
above 400 cm−1 are sapphire lines from the substrate, and PT peaks can be seen
at 85 and 287 cm−1.
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Figure 5.9: Between 450 ◦C and 500 ◦C, the spectral lines from the PT disappear,
suggesting a tetragonal to cubic phase transition. The spectra have been verti-
cally offset for ease of viewing. This temperature is not elevated as are the other
nanowire TCs studies in this work.
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these spectra, from about 96 cm−1 at 200 ◦C down to about 74 cm−1 at 450 ◦C. At
500 ◦C, we have a confirmation that the PT modes are gone - or at least that they
are much much weaker. One could make an argument that there is still a peak
at about 75 cm−1, but for sure the mode at 285 cm−1 is gone, and this has been a
sign of a phase transition in the other wires. The spectra suggest that in these sub
100 nm wires, a phase transition occurs between 450 ◦C - 500 ◦C, so in these wires
there does not appear to be an enhancement of the phase transition temperature.
It may be that the transition temperature is lower than in the bulk. This contrasts
with the small other nanowires studied, which showed enhancement.
It is interesting that the frequency of the soft mode is higher in this sample
than in the other wires measured, both far from the transition and near to it. It is
possible that this is an artefact of the Lorentzian line subtraction, but could equally
be a real effect – after all, a small decrease in the frequency was seen in the 125 nm
wire which had the largest enhancement. Fig. 5.11 shows the frequency of the soft
mode in this collection of sub 100 nm wires as a function of temperature in the
spectra. The data from the 125 nm and 250 nm wires is provided for comparison.
It’s far from a comprehensive study, there being only four relevant points, but
the fitting to a square root function, as was done for the other wires suggests a
transition temperature closer to 450 ◦C than 500◦C, and it also suggests that the
final softened frequency is closer to 75 cm−1 than to 50 cm−1.
5.2.3 Final SEM and morphology change
Subsequent to the Raman measurements, the samples were coated for SEM mea-
surement, and high resolution SEM images were taken. However, when we came
to view the wires again, there was a problem. Fig. 5.12 shows the region of PT
nanowires, before and after the Raman measurements. It can be seen that after
Raman measurements were taken, the PT is no longer in nanowire morphology,
but has changed into lumps. At first we thought that the laser had been the cause
of this morphology change. But we looked at other regions of the substrate, and
found more places where small wire regions had changed into lumps, where the
laser had not been applied. We therefore ruled out the influence of the laser in the
change of morphology. Raised temperature is the next best candidate for causing
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Figure 5.10: Temperature dependent Raman spectra of the region of sub 100 nm
PT nanowires. The spectra have been vertically offset for ease of viewing. These
spectra were produced by fitting a Lorentzian line to the central frequency noise
and subtracting it from the spectrum. In these spectra the PT lines can be clearly
seen, and the frequencies measured. Note the softening of the ferroelectric soft
mode below 100 cm−1. The top line (black) is of the PT wires at 500 ◦C, and the
disappearance of the PT lines can be clearly seen.
130
CHAPTER 5. RESULTS - PT NANOWIRES
Figure 5.11: Temperature dependence of the ferroelectric soft mode in sub 100 nm
PT wires (black squares) compared with 125 nm and 250 nm wires. The open
symbol indicates that we cannot be certain whether this spectrum was affected by
the morphology change or not. For the filled symbols, we can be confident that
they were not. If the spectrum at 450 K is trusted, then this strongly indicates a
comparatively lower TC and the elevated frequency. If not, then the evidence for
a lower TC is not so clear.
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this change - it was a parameter significantly altered during the Raman experi-
ments. However, the idea that high temperature could have caused the change in
morphology is difficult to reconcile with the fact that the wires were fabricated in
an annealing process in air at 540 ◦C - the experiment only took the samples up to
500 ◦C. However, during the annealing process, the wires were not diluted across a
substrate. The increased surface area in the experimental arrangement compared
with that of fabrication could have something to do with it. My best guess is that
the increased surface area significantly impacted the equilibrium of the reaction
transforming the morphology from sub 100 nm wires to lumps. During the fabri-
cation, the surface area available to the reaction was small, so it proceeded slowly.
During the experiment, surface area was increased and so the reaction occurred
rapidly. Also potentially possible is that the wires we see in the dispersed sample
of sub 100 nm diameter were part of larger structures during the fabrication, which
protected them from the reaction. The act of sonication to separate the wires may
have broken them off from the structures, so that they were vulnerable to change
in the sample we measured. Whatever the cause, it is clear that the interpretation
of our Raman spectra must take this morphology change into account.
Figs. 5.14 and 5.15 are SEM images showing the morphology of the wires after
the experiment. It appears that where sub 100 nm wires were nearby to larger
wires, they have formed lumps on that surface in preference to the sapphire. It in-
dicates some mobility over the substrate, since in the sub 100 nm wire morphology
they were not already in contact in all cases. In the region examined by Raman
spectroscopy (refer figure 5.12, there was no nearby mesoscopic PT object, and
the lumps have formed directly on the surface. Also replicated in Fig. 5.16 is
a larger image of the 125 nm wire on sample 1 used in the study. Although the
resolution is lower, note the lumps visible on the substrate. These are of similar
dimensions and morphology to the lumps found on the more disperse substrate. In
this case the lumps appear not to have coalesced onto the larger wires. However,
these wires were on sample 1, which was brought to higher temperatures and were
kept there for longer periods than the < 100 nm wires on sample 2, which could
explain some differences in morphology. Note that SEM images of the wires in
sample 1 were taken only after cycling to high temperature. No wires of under
100 nm could be found in sample 1. We had assumed that the lower concentration
used in sample 2 was responsible for the finding of multiple sub 100 nm wires. But
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Figure 5.12: SEM images of Sub 100 nm PT nanowires before and after Raman
measurement. The before picture has been rotated such that the substrate has the
same alignment in both images. The wires have transformed in lumps.
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this image suggests that perhaps there were indeed such smaller wires present in
the first sample before we cycled the wires up to > 500 ◦C for several hours, or
otherwise caused the change by our Raman experiments.
One further feature worth noting in Fig. 5.13 is that it appears that the lower
of the two wires in the bundle is longer in the after picture than in the before
picture. Judging by the similarity of the shape of the bundle in Fig. 5.14, it
seems unlikely that the wires have moved around. I think a better explanation
is that some of the PT in the sub 100 nm wires has started growing on the lower
wire visible, extending it. Coherent growth on larger nanowires such as this could
explain the lack of lumps visible on the nanowires images on sample 1.
The fact that the morphology of the nanowires changed at some point during
the Raman measurements makes interpretation tricky. We only have a before and
after picture, and we can’t confidently say when during the process of measurement
the change occurred (or even if there was a single point - the change could have been
gradual). Several factors in the Raman spectra suggest that what we measured is
different from bulk PT, but small lumps may well have a spectrum that is different
from bulk PT as well as small wires. Spectra were taken while temperature was
being raised to 500 ◦C, so lower temperature measurements were chronologically
earlier in the data shown so far. Fig. 5.17 shows subtraction spectra of the sample
at 400 ◦C after cycling up to 500 ◦C, and compares it to the spectrum at 400◦C
during the rise in temperature. In the after spectrum, the frequency of the soft
mode is significantly lowered compared with the before spectrum - to 78 from
85 cm−1. This suggests that the morphology change occurred after 400 ◦C in the
experiment. The three points ≤ 400 ◦C alone still indicate a phase transition
temperature 600 ◦C, which is in support of the high res TEM data which found
the increased c/a result around 110 nm, falling off on either side.
Now convinced that at least the three points ≤ 400 ◦C were indeed measuring
the PT nanowires rather than lumps of changed morphology, I am confident that
the Raman data for this wire shows a phase transition between 450 ◦C and 500 ◦C.
The interpretation of the Raman data on all of the nanowires is therefore that
the wires with diameters close to 100 nm show an increased tetragonal to cubic
phase transition temperature. The enhancement is dependent on wire diameter,
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Figure 5.13: SEM images of Sub 100 nm PT nanowires before and after Raman
measurement. The before picture has been rotated such that the substrate has
the same alignment in both images. Seen in this image is a region of nanowires
that was not within the Raman laser spot. It can be seen that the nanowires
have also disappeared from this region, ruling out the influence of the laser in the
morphology change.
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Figure 5.14: SEM images of Sub 100 nm PT nanowires before and after Raman
measurement. The before picture has been rotated such that the substrate has
the same alignment in both images. In this image we can see strong evidence of
migration of the smaller wires into clumps on the surface of larger ones. Note also
though, the vertically aligned wire in the middle of the after image. Although
reduced in length, this particular smaller wire has retained its wire morphology.
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Figure 5.15: SEM images of Sub 100 nm PT nanowires after Raman measurement.
Another image taken far from the site of Raman spectroscopy showing changed
morphology of the PT nanowires. In this case, there was not significant migration
of lumps onto the larger PT structure shown.
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Figure 5.16: SEM image of 125 nm PT nanowire measured in this study. Note the
small lumps visible on the substrate near the wire. Although smaller than those
in the sub 100 nm PT nanowires sample, they could be a sign that there were once
smaller PT wires on this substrate.
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rising as the wire diameter falls from 250 nm down to 125 nm, and peaking at over
100 K enhancement, but falling back to the bulk value (or possibly slightly below)
by ∼60 nm.
5.3 Discussion of enhanced TC
What can explain the enormously enhanced phase transition temperature mea-
sured by Raman spectroscopy in these wires? It is implausible that small levels of
impurities such as might be formed in the synthesis of these wires by annealing the
hydrothermally created PX wires could raise the transition temperature by such
a large degree, and that would not explain the wire diameter dependence of the
enhancement.
High resolution TEM images have been taken of these wires by our collaborators
Jin Wang et al. (these measurements not my contribution), and they give us a
hint. Two other quantities were also found to be enhanced in these nanowires
– the tetragonality (the ratio of the c and a crystal lattice constants), and the
concentration of nanoscopic pores discovered in these wires. Fig. 5.18 shows TEM
images of three wires of different diameters, and a plot of tetragonality vs wire
diameter measured by TEM. The enhancement of the tetragonality was highly
dependent on wire diameter, and peaked around 115 nm with a maximum value
of twice the tetragonality of bulk PT, a consistent behaviour with the enhanced
phase transition temperature measured in the Raman spectra. A large number of
small circular voids, about 10 nm across can be seen in the volume of these wires.
Note the high concentration of pores in the 115 nm wire, the relative absence in
the 35 nm wire, and the complete absence in the 20 nm wire. The wires show a
correlation between the pore concentration and the enhanced order parameters.
In wires thicker than those in which we find enhanced tetragonality and Curie
temperature, images show that cracks begin to form. Both the voids in the wires,
and the cracks forming suggest that the wires to be (or to have been) under
tensile strain. The excess volume is taken up by the cracks. Given the wires were
synthesised by going from a low density phase (the PX-phase wires) into a high
density phase (perovskite PT), it is plausible that tensile strain would be developed
in these wires.
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Figure 5.17: Raman spectra of sub 100 nm PT nanowires, both at 400 ◦C, and
both with a central frequency Lorentzian subtracted from the raw spectra. The
spectra have been vertically offset for ease of viewing. The lower(black) spectrum
was taken while temperature was rising, on the way up to 500 ◦C. The upper (red)
spectrum is the same sample taken on the way down, after the spectral change
seen at 500 ◦C. The position of the ferroelectric soft mode is noticeably different
in the two spectra, while the other features are identical.
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Figure 5.18: SEM images of three different PT nanowires of different diameters,
and data for the tetragonality of these wires vs. wire diameter. The thinnest wire
shows no circular voids. There are some voids in the middle wire, and many more
in the thicker wire. The tetragonality of the wires is found to be enhanced. The en-
hancement is dependent on the diameter of the wires, with maximum enhancement
of twice the bulk tetragonality found in wires of diameter of 115 nm.
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More information and theory related to the proposal that tensile strain could
be responsible for the enhancement in tetragonality and Curie temperature has
been writen up into a paper under submission. A copy of the paper may be found
in Appendix A.
Systems can easily be studied experimentally in monoaxial tensile strain (pulling
apart) and biaxial strain (thin films with smaller natural lattice constants than
their substrates) but if our explanation is correct, then this system is unusual
for being under a significant tensile strain that is approximately hydrostatic (the
strain is up to the order of GPa). Hydrostatic tensile strain approximates negative
pressure, and is thus an exciting avenue for further study - quite apart from the
obvious technical applications of higher Curie temperatures in ferroelectrics. If
it can be replicated in other material systems, then it is a very feasible way of
experimentally accessing materials under negative pressure, an exciting prospect
that opens up many possible investigaitons.
5.4 Conclusions - PT nanowires
PT nanowires prepared by converting PX-phase PT nanowires to standard per-
ovskite phase were measured by Raman spectroscopy, and by SEM imaging. Ra-
man spectra showed an enhancement of the tetragonal to cubic structural phase
transition in wires of diameters near to 110 nm. The degree of enhancement was
dependendent on nanowire diameter, and peaked between 60 nm and 125 nm, with
a value of greater than 100 K.
TEM images were taken, and revealed the presence of small circular voids
inside the wires. The images also showed an enhancement of the tetragonality
in the wires, which showed a dependence on the nanowire diameter. The peak
enhancement value was found at 110 nm, and was twice as large as the tetragonality
of bulk PT.
We propose that the cause of both the increased transition temperature and
the increased tetragonality in the PT nanowires is hydrostatic tensile strain in the
wires caused by the voids inside the material. This is the first report of a real
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system under significant negative hydrostatic pressure to the author’s knowledge.
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Chapter 6
Results - STO thin film system
This chapter reports the results of Raman and XRD measurements of strained
STO thin films. For this material, we had several samples all in different condi-
tions of strain. We wanted to establish experimentally a relationship between the
strain and the structural phase transition temperatures. There have been several
theoretical works on the effect of biaxial strain in STO[1][24], and we felt that
Raman studies would be a valuable contribution. A large part of this chapter is
devoted to the interpretation of the Raman features in our samples. The features
need to be isolated from those of the substrate, and then compared to the large
body of literature in order to make assessments of the phase transition in this
material. The assignment of the Raman spectra thus occupies a large amount of
this chapter. A list of samples used in this chapter may be found in section 3.1.3,
and the experimental method used in section 3.2.3.
6.1 STO on STO
Before we examine the strained thin film samples studied in this work, the results
for STO grown epitaxially on an STO substrate will be shown. In this way, we
can isolate the features that are related to strain.
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6.1.1 Sample STO003 - STO/STO.
Fig. 6.1 shows temperature dependent spectra of this sample, an STO thin film
grown directly onto [001] STO substrate. The features present at room temper-
ature are the well established second order STO features, and these show the
usual temperature dependence: the 80 cm−1 peak is a difference mode1, and dis-
appears to low temperature, the 300 cm−1 band is a combination of many modes,
the shape changes as the difference modes leave the spectra to low temperatures,
and the 800 cm−1 band is not significantly changed. Below 100 K, a peak appears
at 42 cm−1. This could be the AFD A1g soft mode, but it could also be an artefact
of the stray light rejection, because this feature is right at the lower limit of the
detection window. There is a band at 190 cm−1 at room temperature (denoted
with an arrow), which softens significantly with lowering temperature. It becomes
lost in the 42 cm−1 feature below 40 K. This peak matches reasonably well with
the 2TO1 feature seen in Nilsen and Skinner, which of course displays the same
softening. Below 20 K, there is significant increase in low frequency scattering, the
central frequency below the spectral window measured. An increase in scattering
of this kind is seen in Nilsen and Skinner. Finally, below 40 K there is a broad
peak that appears at 165 cm−1. This peak does not have a similar feature in the
Nilsen and Skinner spectra that I can relate it to. One does expect to see an
AFD hard mode at about 150 cm−1, but that mode is very narrow, and the peak
in our spectrum is broad. Instrumental broadening of this hard mode could not
explain the width of the peak in the spectrum. Also absent from the spectra of the
STO/STO film is the 450 cm−1 AFD hard mode, expected to appear concurrently
with the 150 cm−1 AFD mode. The lack of the AFD modes could be explained by
the weakness of the modes in the Raman spectrum. It is also possible that over
the short length scales of the thin film, the AFD modes, which are activated by a
doubling of the unit cell, are repressed. Certainly, there is a distinct lack of these
peaks in the literature on Raman spectra of thin STO films. Drawing from that
literature (in particular case study 5) the lack of these modes in our spectra may
imply some strontium deficiency in our films.
1A difference mode is a second order mode involving the destruction of an excited phonon.
As temperature tends towards zero, so does occupancy of excited phonon modes, and thus the
intensity of difference modes tends towards zero.
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Figure 6.1: Temperature dependent Raman spectra of STO/STO thin film. The
spectra are vertically offset for ease of viewing. The spectra match very well those
of single crystal STO samples, with mostly second order features visible. The
TO and LO modes are absent. The arrows mark out the ferroelectric soft mode
scattering, similar to [27] and thought to be caused by polar microregions.
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6.2 STO on LAO
The samples in this section were grown on LaAlO3 [001], lattice mismatch of -3.06%
with STO (compressive)
6.2.1 Sample 267, 100 nm STO/LAO: spectra in helium cryostat
Spectra and assignment of modes
Fig. 6.2 shows the spectra of the STO thin film, and of the LAO substrate
for comparison, both taken near room temperature inside the helium cryostat.
We can immediately identify the strong, narrow peaks at 130 cm−1, 153 cm−1,
and 488 cm−1 as belonging to the substrate. Two more peaks - at 103 cm−1 and
204 cm−1 - are seen in the substrate, but are not visible in the thin film, likely due
to the weakness of these peaks compared to the other substrate peaks. That leaves
the broad features between 250 and 450 cm−1, and between 600 and 850 cm−1 as
being assignable to the STO thin film. These match well with the expected second
order features of STO. Note though that the other second order feature, a band
at 80 cm−1, is not visible in this spectrum. There is also a very strong peak in the
STO spectrum at 34 cm−1. Due to its strength, this feature almost certainly is
due to the substrate, but I was unable to resolve peaks in the substrate spectrum
this low in frequency at room temperature due to a high level of low-frequency
scattering.
Fig. 6.3 shows spectra of the same samples, this time measured at 9 K inside
the helium cryostat. In the substrate the peaks at 130, 153, and 488 wavenum-
bers are still present, but the lowest peak has shifted from 130 cm−1 to 143 cm−1.
In addition to these, there are new weak peaks in the substrate at 470 cm−1 and
709 cm−1, and we are able to resolve a strong peak at 34 cm−1 due to increased
narrowness of peaks at low temperatures, and an absence of low-frequency scatter-
ing. This confirms the tentative assignment of the 34 cm−1 peak seen in the film
spectrum at high temperature. The additional features visible in the STO film
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Figure 6.2: Raman spectra of sample STO267 (red), and the LAO substrate on
which it is grown (black), both at room temperature. Substrate peaks and second
order features from STO can be seen in the thin film.
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Figure 6.3: Raman spectra of STO267 and LAO taken at 9 K. At this temperature,
there are many more lines in the film spectrum than in the substrate.
spectrum are: broad features between 350-400cm−1, and 600-800cm−1, the sec-
ond order scattering bands are still present and they show the alteration of shape
expected in unstrained bulk STO. In addition, there are strong, narrow peaks at
183 cm−1 and 550 cm−1, a strong broad peak at 794 cm−1, a strong double peak
feature at 93/112 cm−1, and a very weak peak at 452 cm−1.
Figs. 6.4 and 6.5 show spectra of this STO thin film taken at a range of
temperatures in the helium cryostat, and show the temperature dependence of the
STO modes. The spectra in these figures have been vertically offset for ease of
viewing.
The modes at 180, 550, and 790 cm−1 all have the same temperature depen-
dence. They are intense at low temperatures, and gradually weaken with rising
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Figure 6.4: Temperature dependent Raman spectra of STO267 showing the emer-
gence of the first order modes in STO. The spectra are vertically offset for ease of
viewing.
temperature, eventually disappearing near 300 K. The frequency of these modes
does not change with temperature. Their positions and behaviour are a good
match to the TO2, TO4 and LO4 modes commonly seen in the literature. The
TO2 mode shows a Fano-type asymmetry, as is commonly seen of this mode in
the literature. However, the degree of asymmetry is not nearly as high as in many
samples - particularly ceramic and polycrystalline samples show a high degree of
asymmetry. The TO2 peak in these spectra is comparatively quite symmetric.
These polar hard modes have similar line widths to the 6% Ca-substituted STO
sample in case study 1.
The mode at 450 cm−1 also displays no softening with temperature. Its ampli-
tude is difficult to gauge because of its weakness, but it appears to stay constant
with temperature between 9 K and 120 K, and then drop suddenly to zero by 140 K.
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Figure 6.5: Temperature dependent Raman spectra of STO267, showing a close
up on the 100 cm−1 feature. The spectra are vertically offset for ease of viewing.
It is possible that this temperature dependence is the same as that of the hard
polar modes – The hard polar modes have dropped to half of their low tempera-
ture intensity by 120 K, and half of the 450 cm−1 mode’s 9 K intensity is smaller
than the peak-to-trough noise intensity present in the spectra. This mode could
possibly be an R-point hard mode associated with the AFD phase (refer to sec-
tion 2.3.2). It appears at the right frequency for this, and the AFD modes are
commonly observed to be weak or absent in thin films of STO. However, the AFD
hard mode amplitudes usually display no temperature dependence after they have
appeared, and for this sample XRD measurements have been made which show
very convincing evidence of a cubic to AFD phase transition at 400 K (this XRD
is not my contribution, it was performed by Tomoaki Yamada at Tokyo Institute
of Technology). Fig 6.6 shows the XRD. One can see the emergence of a superlat-
tice peak related to the AFD unit cell doubling. The temperature dependence of
this mode in the Raman is therefore not well explained by this. Other AFD hard
and soft modes are expected to be seen simultaneously with the one at 450 cm−1.
However, due to the interference of substrate peaks, I cannot tell whether these
peaks are present or not in this sample. Another possibility is that the peak is an-
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Figure 6.6: Temperature dependent XRD spectra showing the emergence of the
characteristic AFD superlattice peak at about 400 K. The spectra have been ver-
tically offset for ease of viewing. This work was not my contribution.
other feature associated with polar microregions or the orthorhombic phase. The
temperature dependence seems to match the polar hard mode dependence well,
however there is no previous report of another mode at this frequency besides the
AFD hard mode. I cannot make a confident assignment of this peak.
The peaks around 100 cm−1 at 9 K have an interesting temperature dependence
- they show some variation in frequency as well as intensity. As the temperature
rises, the lower frequency peak starts to soften, decreasing from 94 cm−1 to 76 cm−1
at 180 K. By 200 K it has dropped to zero measurable intensity. The higher fre-
quency peak does not change measurably in frequency, and its intensity drops until
it is undetectable at 120 K. Whether it is just lost in the other peak at this point,
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or if it has actually dropped towards zero is not certain, but for sure its intensity
has dropped faster than the lower peak of this doublet feature.
Analysis of Raman features
The polar hard modes TO2 and TO4, and LO4 were fitted with Lorentzian
peaks at each temperature using a least-squares fitting process. Fig. 6.7 shows
temperature dependence of the height of the polar hard modes in this sample. The
height parameter (the area of the peak divided by its width) was used as the fitting
parameter rather than amplitude because of the interference to the fitting process
of the substrate peaks. A rigorous subtraction of the substrate spectra was not easy
to achieve due to differences in the relative weight of substrate features between
the substrate and sample spectra, and other features such as low frequency noise.
therefore I thought it best to fit the spectra together with the substrate peaks
rather than to attempt a dubious subtraction that would introduce artefacts into
the analysis. The scattering amplitude of the substrate peaks reduced the ability
of the fitting software to converge to a single good fit, rather a range of shapes were
able to reasonably fit the spectra, essentially assigning the amplitude between the
STO peaks and substrate peaks in a number of different ways. However, the height
parameter of the fits was greatly more consistent across this range of solutions,
hence its use over amplitude in this analysis.
An S-shaped curve is seen in the temperature dependence, as is seen in other
samples of STO in the literature. Note that each figure in the stack is scaled to dis-
play over the whole area, the height scales are not consistent between modes. The
TO modes have very similar temperature dependence. The curve for the TO modes
is approximately 100-150 K wide, achieving a saturation of intensity at around
30-40 K. This width is significantly larger than the ferroelectric 0.7% Ca sub-
stituted STO single crystals, but significantly smaller than the non-ferroelectric,
non-stoichiometric thin films. The most similar example is the 1.3µm STO/LAO
films studied by Sirenko et al.[52], although there is also a similarity with the more
highly (6%) Ca-substituted samples studied by Ouillon et al.[19]. The LO mode
is more difficult to fit than the other modes, being broader and sitting on top of a
second order feature. Nevertheless, we are still able to get an acceptable level of
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signal to make the fitting up to 180 K. The LO4 mode shows a slightly different
temperature dependence to the TO modes, in that it saturates at a higher temper-
ature - 70-80 K rather than 30-40 K. The sharpest decline in the S-shaped curve
still occurs at roughly the same temperature as the TO modes, between 120 and
140 K, and the high T data looks the same as far as we are able to conduct the
fitting.
The 100 cm−1 feature I could not assign easily. From examination of the liter-
ature of Raman studies on STO, there are two leading candidates for explaining
its presence in the spectra – the ferroelectric soft mode (TO1) and the AFD soft
modes in the tetragonal AFD phase.
As previously mentioned, many of the papers in literature have seen a peak
near 100 cm−1 similar to the one seen in the spectra of this sample, and have
assigned it to the ferroelectric soft mode (TO1), on the basis of spectra of reduced
STO showing higher frequency TO1 than normal. It is possible that this feature at
100 cm−1 could be the ferroelectric soft mode in sample STO267. In the literature,
many effects have been shown to increase the frequency of the ferroelectric soft
mode, sometimes as high as the 100 cm−1 seen in the feature here. The appearance
and strengthening of this feature simultaneously to the other first-order modes
would support this assignment. Fig 6.8 shows the variation in intensity of the
lower frequency peak compared to the TO2 peak. It is clear that both modes show
the same temperature dependence. If this is TO1, it seems unlikely that the mode
softens to zero frequency, as is usual in a ferroelectric phase transition in STO. It
softens towards higher temperatures, indicating a critical point at or above 200 K.
An incomplete softening to above zero and at an elevated temperature, similar
to what is observed of this mode is seen in [44], and that sample is proven non-
ferroelectric by permittivity measurements. The non-ferroelectricity is a common
feature to all samples reported to have the ferroelectric soft mode hardened as much
as is shown in our sample. On the other hand, this peak is clearly a doublet, and
appears to show a splitting at around 100 K, and this is generally a strong sign of a
phase transition - in the cubic and AFD modes of STO the ferroelectric soft mode
is triply degenerate, splitting into different frequencies only in the ferroelectric,
orthorhombic phase. So the implication of this feature is not clear.
It could also be possible that the peaks seen here are components of the AFD
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Figure 6.7: Temperature dependence of the three first-order mode peak heights
visible in STO267. The vertical scales are not the same in each of the three plots. It
can be seen that all three peaks intensities have the same temperature dependence.
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soft mode. These peaks harden only to 20 cm−1 and 50 cm−1 respectively in bulk
unstrained STO, but given that we know the AFD phase transition to occur at a
greatly elevated temperature in this sample compared to the bulk case, it could
be possible that the frequency of the AFD modes changes too. The modes seen in
the spectra of this sample are also much broader than the AFD modes where they
are seen in the literature. The small film volume may contribute to a broadening
of that peak, but one would not expect it to broaden them to to be as wide as
the peaks in this sample. Finally, if the feature is indeed the AFD soft mode,
then some other explanation needs to be given for their appearance in the spectra
about 200 K below the point where the phase transition occurs.
Neither of those exaplanations adequately explains the frequency and the tem-
perature dependence of these peaks in the Raman spectra. This feature, like the
450 cm−1 feature, I cannot confidently assign. I will come back to the subject
of this feature in section 6.6 after having reported on the spectra from the other
samples. As it turns out, this feature is present in many of the other samples and
looking at all of them together can aid the analysis. Based on all of the data, I
will propose that the most likely explanation for these peaks is the TO1 mode in
regions of the film which are largely relaxed from the strain of the substrate.
In summary: this sample of STO clearly shows polar hard modes TO2, TO4
and LO4. There are two features, one at 100 cm
−1 and one at 450 cm−1 that I
could not confidently assign. The temperature behaviour of the polar hard mode
intensities displays an S-shaped curve as seen elsewhere in the literature. The
temperature range of this curve is about 160 K, which is significantly more than
in the most clear examples of ferroelectric STO in the literature.
6.2.2 Sample STO267, 100 nmSTO/LAO: spectra in nitrogen cryostat
Fig. 6.9 shows Raman spectra of the same sample (STO/LAO 100nm) taken
in the nitrogen cryostat at 80 K compared with the same sample at 80 K in the
helium cryostat. Note that the line for the helium cryostat measurement has been
multiplied by a scale factor of 7, in order to fit both lines comfortable on the
graph. In the nitrogen cryostat configuration, a microscope objective is used for
spot forming and collection, meaning that the depth of focus is far shorter than in
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Figure 6.8: Temperature dependence of the 100 cm−1 and TO2 mode peak heights
in sample STO267, taken from Lorentzian fits to the data. The intensities of the
modes vary almost identically with temperature, which is a strong indication that
the 100 cm−1 feature has the same origin as the other first order modes.
the helium cryostat. As a consequence, the surface sensitivity is enhanced, but in
this configuration 77 K is the lowest accessible temperature. The biggest noticeable
differences in the spectra are: First, the resolution is lesser in the nitrogen cryostat.
This is not an inherent characteristic of the microscope configuration, the slits were
intentionally opened wider for this series of measurements as high counts were the
objective rather than high resolution. Thus, it is instrumental broadening. The
significant consequences of this broadening are that the feature at 100 cm−1 is hard
to pick out, as it is largely lost in the tails of the much more intense substrate
peaks, and that the low frequency cut off is at a higher point in order not to flood
the CCD with broad tails of the Rayleigh scattered light. Second, the signal to
noise ratio is much greater in the microscope configuration. This is due to the
smaller optical losses in this configuration, as well as the larger numerical aperture
of the microscope objective compared to the UV imaging lens. This is the main
advantage of the microscope configuration. Thirdly, the features from the film are
stronger in comparison to the substrate features in the microscope configuration.
The ratio of film feature strength to substrate feature strength is greater in the
nitrogen cryostat by a factor of approximately 2.5. This is an additional advantage
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of the microscope configuration, and is likely caused by the much shorter depth
of field given by the microscope objective - illuminating with greater intensity the
surface region where the STO is found than is possible with the conventional lens
used in the He-cryostat configuration.
Using the microscope configuration enables us to continue to measure the
strength of the polar modes as they become weak, and the temperature is raised
above 250 K. The high-temperature behaviour of the TO4 peak strength is shown
in Fig. 6.10, with raw spectra shown in Fig. 6.11. Note that the amplitude of
this peak does not drop to zero at high temperatures, but rather a small intensity
remains even up to room temperature. At higher temperatures, the peak addi-
tionally becomes harder to see in the raw spectra because of the influence of the
nearby stronger substrate peaks, which strengthen and broaden. The peak fitting
can still pick them out, however. We interpret the reduction in intensity of this
mode, as have many before us, not as an inherent weakness in the vibrational
modes, but rather as a small volume of the film being under a polar distortion.
The film volume under polar distortion is the only volume which is able to con-
tribute to Raman scattering of the polar modes while STO is in cubic symmetry,
hence the small measured intensity. In most previous reports, the polar regions are
thought to be formed by locked in dipole moments of defects or grain boundaries
polarising a region around them due to their electric field. The regions grow with
decreasing temperature, as the polarisability of the bulk STO rises and thermal
fluctuations decrease. These local polar microregions are in most cases randomly
distributed. In the case of our films, however, there exists a clear gradient of
strain across the depth of the film. As we know, high lattice strain is capable
of raising the ferroelectric transition temperature of STO. So it is reasonable to
expect that the STO layers that are closest to the film-substrate interface, and
thus in a more highly strained condition will become polar regions before the STO
layers closest to the film-air interface, where a significant amount of relaxation has
occurred. We cannot assume, however, that our films are free from defects that
may cause polar microregions in addition to the strain effect. Indeed, in some pre-
vious reports of thin films, it is assumed that polar microregions form around the
dislocation defects that mediate the relaxation in strain. This would also lead to
a higher concentration of polar microregions close to the film-substrate interface.
It seems highly likely then, that the concentration of polar regions is greatest at
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Figure 6.9: Raman spectra of sample STO267 at 80 K taken in two different ex-
perimental configurations - in black, the nitrogen cryostat and in red, the helium
cryostat. There are some differences between the two spectra that can be at-
tributed to experimental broadening, differences in throughput and differences in
the volume being measured.
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Figure 6.10: Temperature dependence of the TO4 peak height in sample STO267
as measured in the nitrogen cryostat. Note the long non-zero tail that remains
above 200 K, visible in this configuration due to the better surface selectivity.
the film-substrate interface, and decreases through the film thickness.
Fig. 6.12 shows the height of the TO4 mode with respect to temperature, mea-
sured in both of the different Raman configurations to show both low temperature
and high temperature behaviour. The points from the low temperature measure-
ments have been multiplied by a scale factor so that the two sets of points match
in intensity over the region between 80 K and 200 K where both systems are able
to make measurements. This alteration of the data is justified, as there is no rea-
son to suspect that the two different experimental systems should have the same
intensity of light incident on the sample, nor indeed the same efficiency between
the sample and the CCD detection element. The scaling factor is here 9.5, giving
a measure of the relative effectiveness of the two different optical configurations at
measuring the STO thin film. The temperature dependence shown in this figure
is the important information to take away from these measurements.
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Figure 6.11: Temperature dependent Raman spectra of STO267 taken in the ni-
trogen cryostat showing the TO4 peak (marked with an arrow) remaining to high
temperatures. The spectra have been offset both horizontally and vertically for
ease of viewing
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Figure 6.12: Temperature dependence of the TO4 peak height from measurements
in both the nitrogen and helium cryostats, scaled to match each other between
80 K and 160 K.
6.2.3 Sample 263, 30 nmSTO/LAO: spectra in helium cryostat
Fig. 6.13 shows the Raman spectrum of the thinner sample of STO/LAO (30 nm)
at 9 K compared to that of the LAO substrate at 9 K collected in this configuration.
As with the thicker layer, the strong peaks at 36, 144, 470 and 487 cm−1 are present
in both spectra, as is a weak peak at 709 cm−1. These features can be assigned
to the substrate. Additional features are present in the STO sample spectrum. A
square-shaped peak appears at 102 cm−1, which lies on top of a broader feature,
and there are modes at 187 cm−1 and 553 cm−1 and 789 cm−1 corresponding to the
TO2, TO4 and LO4 polar modes. The mode at 102 cm
−1 judging by its shape is
likely a plasma line. This could have gotten into the spectra if the plasma line
filter had a slight deviation from orthogonality to the laser line. The broader
excitation beneath it however is quite similar to the modes at 93 and 112 cm−1
in sample 267. Notably absent are the second order features expected from STO.
The second order features are weaker by a factor of two or three than the polar
modes in sample 267 (100 nm STO/LAO). However, a signal of this size should
still be visible above the noise in the spectrum shown. This is an aspect of the
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Figure 6.13: Raman spectra of sample STO263, and of the LAO substrate on
which it is grown. Both spectra are taken at 9 K, and this sample shows the same
STO peaks that sample STO267 does, though they are weaker.
spectra that begs an explanation. Unlike the thicker layer, there is no peak in this
spectrum at 450 cm−1. While the AFD soft modes and 150 cm−1 AFD hard modes
would not be expected to be seen over the intense substrate lines, the absence of
the 450 cm−1 line is clear. As with the thicker layer, XRD measurements have
shown a clear superlattice peak appearing below 400 K proving the material to be
in an AFD phase. Something about the films, possibly the small dimensions or
possibly small amounts of Sr non-stoichiometry, causes these modes to be weak
enough not to be seen in Raman spectra.
Fig. 6.14 compares the spectra of STO263 with the 100 nm thick layer STO267.
One can see the absence of the second order features more clearly in this figure.
Also of note is the difference in the shape of the TO2 (185 cm
−1) peaks between the
two samples. Although substrate peaks and the TO4 peaks have similar widths
across the samples, the full width half maximum of TO2 in 267 is 9.5 cm
−1, whereas
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Figure 6.14: Comparison of the Raman spectra at 9 K of the 100 nm and 30 nm
STO layers on LAO. The relative intensity of the different STO modes varies
between the two samples.
in 263 it is 24 cm−1, broader by a factor of more than two. Since other lines
are narrower than this one, and none of the other lines show any broadening in
comparison to the 100 nm film, this cannot be an instrumental effect. It must be
intrinsic to the mode itself.
Fig. 6.15 shows the height of the TO4 peak fitted by a Lorentzian function
with respect to temperature, the fitting was done in the same way as for STO267;
using spectra both in the He and N cryostats and scaling them to match over the
temperature range accessible to both systems. Note that for this sample, the data
are noisier than for the 100 nm thick layer. This is to be expected from a thinner
film, giving lower signal to noise. The difference between the 100 nm layer and
the 30 nm layer is striking - saturation of the polar mode height is reached at a
much higher temperature of 80 K in the 30 nm layer - instead of 30 K in the 100 nm
layer. The S-shaped curve is approximately the same breadth over all. Fig. 6.16
shows the peak height variation with temperature of both the 30 nm and 100 nm
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Figure 6.15: Temperature dependence of the TO4 mode in sample STO263, put
together from the nitrogen and helium cryostat measurements as for the previous
sample. In this sample, a saturation of the mode intensity at low temperatures is
much more obvious.
layer side by side for comparison. The more or less horizontal translation of about
50 K from one to the other is obvious in this figure. The other factor of note is
that the residual peak at high temperatures appears to be stronger relative to the
saturation intensity in the 30 nm film than in the 100 nm one. Put another way,
the high-temperature tail is thicker. One interprets this as a greater percentage of
the film being in a high strain state in the 30 nm film.
6.2.4 Samples STO263 and STO267: Overall intensity anomaly
In both the STO263 and STO267 samples, there is an odd hysteresis displayed.
Fig. 6.17 shows the spectra of the 100 nm layer STO267 in the microscope config-
uration. Note that both the substrate and the STO peak have a dip in intensity
around 175 K. This can be seen most clearly in the 550 cm−1 STO peak, and in the
140 cm−1 substrate peak. It was assumed that this dip was due to some anomaly
in the reflectance of the sample at this temperature. During the peak fitting per-
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Figure 6.16: Temperature dependence of the TO4 modes of both STO on LAO
samples. Measurements in both the nitrogen and helium cryostats are used to
make this figure. The same pattern is seen in both samples, shifted 50 K higher in
temperature in the thinner film, sample STO263.
formed on high temperature spectra, a substrate peak was fitted also to use as a
reference signal, and the peak heights recorded and displayed in those graphs are
peak heights corrected for this reduction in signal. It was later discovered that this
dip in signal displayed hysteresis. Fig. 6.18 shows the height of fitted STO and
substrate peaks a) taken with descending temperature and b) taken with rising
temperature. Only the rising temperature spectra displayed this feature.
This anomaly in the Raman scattering seems to be correlated with the loss
of first-order mode intensity in the sample, suggesting that the phenomenon has
something to do with the disappearance of polar volumes in the film.
6.2.5 Summary of results - STO on LAO
In the films of STO grown on LAO, we have seen first order Raman modes gradually
emerging and saturating in strength over a range of 170 K.
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Figure 6.17: Temperature dependent Raman spectra of sample STO267 taken in
the nitrogen cryostat. The spectra have been horizontally and vertically offset for
ease of viewing. Note the dip in intensity of all modes - both STO and substrate
- in the middle of the temperature series, at about 180 K.
Sample STO263 is 30 nm thick, and the first order modes temperature depen-
dence shows an S-shaped curve with width of about 170 K, with saturation at
80 K.
Sample STO267 is 100 nm thick, and the first order modes temperature de-
pendence shows an S-shaped curve with width of about 170 K. with saturation at
30 K.
Both films also show a feature near 100 cm−1 which I could not confidently
assign. This mode is considerably stronger in the thicker layer, both in comparison
to the other STO modes, and in comparison to the substrate modes. In the thicker
sample, this feature is split into two peaks and the lower-frequency one displays
some temperature-dependent hardening. Further to this, there is a very weak
mode at 450 cm−1 visible in the thicker layer. This may be an AFD hard mode
(see section 2.3.2), indicating an AFD phase transition significantly raised from
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Figure 6.18: Peak heights of an STO and a substrate mode, variation with temper-
ature. Left panel: Descending temperature. Right panel: ascending temperature.
The dip in intensity of all modes is seen only with rising temperature.
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the unstrained case, and this result would agree with XRD measurements made
on the samples.
6.3 STO on NGO
The samples in this section were grown on NdGaO3 (NGO) [110]. This surface
of NGO is not square, having lattice mismatch with STO of -1.0% and -1.3%
(compressive) on its two axes.
6.3.1 Sample STO264: 50 nm STO/NGO: spectra in helium cryostat
Fig. 6.19 shows spectra of STO264 and NGO substrate collected in the helium
cryostat configuration at 9 K. Clearly, there are a great number of substrate peaks
present in both spectra. They are at: 93, 149, 172, 184, 208, 220, 297, 344,
356, 413, 430, 465, and 553 cm−1. Some differences in the relative frequencies of
these substrate peaks between the substrate and the film are expected because the
NGO and STO/NGO are two physically different samples, therefore polarisation
is most likely not the same in the two spectra. There are a few features present
in the film spectrum which are not present in the NGO spectrum, and can be
used as indicators of the STO film. First, there is a pair of strong peaks at very
low frequency: 31 and 38 cm−1 respectively. Then, there is also a weak peak at
267 cm−1. Finally, there is a broad feature between 700-800 cm−1, which is made
up of second order features sitting under a broad peak centered at 792 cm−1. The
792 cm−1 peak is of the right position and shape to be the LO4 polar hard mode
of STO. The small peak at 267 cm−1 is at the right position, and of approximately
the right intensity to be the TO3 non-polar hard mode of STO - this peak has
always been weak in comparison to the other polar modes in literature reported
previously. The features at 31 and 38 cm−1 cannot be unambiguously assigned
from this spectrum alone. Peaks present in STO at approximately this frequency
include both AFD soft modes, and the ferroelectric soft mode. The temperature
dependence of these peaks will give us more information to work with.
In the analysis of the STO films grown on LAO, we made heavy use of the TO4
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Figure 6.19: Raman spectra of sample STO264 compared to the NGO substrate
on which it is grown. In this case, there are very few modes which are seen in the
sample and not the substrate - a feature near 40 cm−1 and one at 800 cm−1. Note
that this spectrum of STO on NGO has a lower resolution - 10 cm−1 rather than
the usual 5 cm−1.
171
6.3. STO on NGO
peak, tracking its temperature dependence to discover the nature of the phase
transition and the ferroelectricity of the film. In this sample grown on NGO
however, there are peaks in the substrate sitting right over TO4, and also over
TO2 which will make analysis using these peaks problematic. Fig. 6.20 shows
temperature dependent spectra of the NGO substrate. Notice here that not only
does the substrate have peaks at 185 cm−1 and 550 cm−1 overlapping directly with
the TO2 and TO4 polar hard modes in STO, those peaks in the substrate are also
strongly temperature dependent. Even with substrate subtractions, the data are
not clean enough on these two peaks to justify using them as any kind of indicator
of STO. However, the LO3 hard polar mode of STO at about 800 cm
−1 does not
overlap with any substrate features in this sample, and should in principle be
able to be used for our analysis. Also significant is the TO3 peak, absent from
the STO/LAO samples. As noted in the literature, this peak is silent in the
Raman in cubic and tetragonal phases of STO, and Raman active in orthorhombic
ferroelectric STO. And whereas other TO and LO modes often are active in non-
ferroelectric precursor phases such as polar microregions, TO3 is activated only
seldom in them. If this is indeed TO3 we are seeing, it is a stronger suggestion of
a centrosymmetry breaking that extends cohesively over a long range. Both these
peaks can be used to determine the nature of the crystal structure in this film.
Fig. 6.21 shows the change in the 792 cm−1 LO4 peak with temperature. Note
the sudden appearance of this peak between 160 K and 140 K, a noticeably different
temperature dependence than was present in the STO/LAO thin films. In those
samples, the appearance of the polar modes was gradual over a period of about
100 K. Another difference is the fact that the amplitude of this peak does not
monotonically increase as the temperature is lowered. Below 30 K, the amplitude
of the peak is noticeably smaller than between 100 K and 30 K. Fig. 6.22 shows
the temperature dependent raw spectra of the 267 cm−1 feature, suspected to be
TO3. It is the small peak in the figure between two larger substrate peaks. The
mode starts appearing below 150 K, increasing in intensity down to to the lowest
temperature measured, 10 K. No measurable change in frequency is displayed.
At temperatures above those shown, the increasing width of the substrate peaks
drowns out the decreasing signal from the TO3 peak.
Fitting the LO4 peak is a more difficult process than the TO2 and TO4 peaks in
the previous samples. Whereas those peaks were sharp and more or less free from
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Figure 6.20: Temperature dependent Raman spectra of NGO substrate. The
spectra have been vertically offset for ease of viewing. The peaks at 180 cm−1
and 550 cm−1 marked with arrows not only have the same frequencies as the the
TO2 and TO4 modes of STO, but they also show a very similar variation with
temperature. It will be very difficult to use these peaks in the sample to infer
anything about STO.
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Figure 6.21: Temperature dependent Raman spectra of sample STO264, close up
on LO4 peak. The spectra have been vertically offset for ease of viewing. The
peak changes more sharply with temperature in this sample than in the other
STO samples studied so far.
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Figure 6.22: Temperature dependent Raman spectra of sample STO264, close up
on the TO3 peak. The spectra have ben vertically offset for ease of viewing. This
peak can be seen emerging from above substrate lines from about 159 K. In this
sample, TO3 has a different temperature dependence than the other TO and LO
modes in STO.
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interference by other signals, the LO4 peak in this sample is broad and sits on top
of a broader excitation. The broad excitations on which it sits are second order
features from STO itself, so the LO4 peak can never be perfectly isolated. Fig.
6.23 shows several different results of peak fitting of various kinds, which I will
discuss here. As can be seen from the raw spectra, there is a dramatic change in
this feature between 140 K and 160 K. When a single Lorentzian line is fitted to the
spectrum between 720 and 860 cm−1, the height parameter plotted in black squares
is obtained (the comments made in section 6.2.1 regarding height vs amplitude for
peak fitting are still relevant). The height is maximum at 80 K, and it shows a
drop to either side. At 140 K-160 K, the height stops changing, becoming constant
at a value of roughly 700 counts. However, the fit obtained is not good if one
examines the fitted peak and the spectrum. The fitted line matches relatively well
the data within the 720-860 cm−1 range, but very poorly models the data outside
this range. The width of the peak becomes too large, the baseline Y0 value too
high. Plotted in Fig. 6.23 in the blue circles is the width parameter of the fitted
peak (scaled to fit into the figure area). One can see that the width suddenly
increases by a factor of more than two between 140 K and 180 K, an indication
of a change in the spectrum. If one examines closely the raw spectra, one might
believe that the LO4 peak truly has become broader. Alternately, one could view
what is left as the broad excitation upon which the LO4 sits, and interpret the
sudden change in fitting parameters as the disappearance of the LO4 peak entirely,
and the fitting function starting to fit to the underlying broad feature. Either way,
it is a significant change, and one which has in the literature been associated with
the disappearance of polar regions in STO. The third data plotted in Fig. 6.23
is the height parameter of a second round of fitting, this time in which the width
parameter is restricted to be less than or equal to 55 cm−1. This treatment shows
more clearly the sudden change in character between 140 K and 160 K in a way
that can be compared with the other samples.
Fig. 6.24 shows this temperature dependence alongside the temperature de-
pendence of the fitted TO3 (267 cm
−1) peak height, obtained from long-integration
measurements. Alongside this the temperature dependence of the LO4 peak dis-
cussed earlier is displayed. Compare this to Fig. 6.22 reproduced from Toulouse
et al.[2] showing the temperature dependence of TO3 and TO2 in KTa1-xNbxO3 -
a non-polar TO mode and a polar TO mode respectively (The figure is duplicated
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Figure 6.23: Figure showing fitting parameters of LO4 peak and underlying second
order features. In black squares: fiting with all parameters free. Above 150 K the
model becomes poor. This can be seen in the rapidly rising width parameter, blue
circles. In red triangles is fitting with the width parameter constrained. The result
is a better, though still not perfect representation of the LO4 peak intensity.
here for ease of viewing). In this material, in the 1.2% substitution case there is a
peak in the dielectric permittivity at 15 K, and no peak seen in the 1% case. The
permittivity peak coincides with the appearance of the TO3 mode, and a sharp
reduction in the intensity of the TO2 mode. Similar temperature dependence of
the polar LO4 and non-polar TO3 Raman features seen in the 1.2% KTN sample
is present in this STO sample, albeit more spread out in temperature than in the
KTN case. We see a drop in intensity of the polar LO4 mode at the same temper-
ature as the non-polar TO3 mode starts to grow from zero intensity. Although of
course I do not have a direct measurement of the permittivity to confirm or deny
ferroelectricity in this STO thin film, the polar and non-polar mode behaviour
seen in the Raman is consistent with a ferroelectric material.
Fig. 6.26 shows the change in the low frequency feature with respect to tem-
perature. Note the splitting from one peak into two between 160 K and 140 K
- the same temperature at which the LO4 mode appears. It seems highly likely
given the splitting and the frequency of these peaks that they are components of
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Figure 6.24: Temperature dependence of vibrational mode intensities in sample
STO264. Note the difference between the TO3 and TO4 modes, and compare the
changes at the dotted blue line in this figure to the changes at 50 K in Fig. 6.25.
the AFD soft mode. In pure unstrained STO, this mode would not be seen above
110 K, but XRD of this sample shows evidence of a structural phase transition
at about 400 K. While the character of this transition could not be determined
by XRD alone due to interference from substrate peaks, the AFD is typically the
highest temperature distortion shown by STO. It is then entirely reasonable to
expect that one could see the AFD mode in the Raman spectra at 140 -160 K, and
I interpret this peak as such. The frequency of these modes is somewhat higher
than in the Ca-substituted or 18O-substituted single crystals, and the peaks are
broader as well[43][38].
The implication of the splitting of this mode is that there is a transition to a
lower symmetry phase at around 160 K in this sample, probably to orthorhombic.
There is evidence in the XRD of this sample of a second structural phase transition
at this temperature. With the help of the Raman spectra showing a rapid rise in
intensity of the polar LO4 mode, the emergence of the TO3 mode simultaneously
with a drop of intensity of the polar LO4 mode, and the splitting of the AFD soft
mode, we can confidently assign it to the ferroelectric phase transition.
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Figure 6.25: Temperature dependence of first-order scattering in KLT. Above: 1%
Li, Below: 4% Li. the 4% KLT has a ferroelectric phase transition at about 50 K,
and one can see the spectral changes associated with it. Similar effects are seen
in the Raman spectra for STO264 – see Fig. 6.24. 1% KLT is not ferroelectric.
Figure reproduced with permission from [2].
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Figure 6.26: Temperature dependent Raman spectra of the 35 cm−1 feature in
sample STO264. The spectra have been vertically offset for ease of viewing. Note
the splitting of one peak into two peaks accompanied by a sharp increase in low-
frequency scattering between 160 K and 140 K, as marked by the arrows.
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6.3.2 Summary of results - STO on NGO
Sample STO264 shows the polar hard mode LO4 above the substrate in the Raman
spectra. Its temperature dependence shows an S-shaped curve with width of about
80 K, with saturation occuring at 80 K.
In addition, two other features of STO are seen. We see evidence in the Raman
spectra of a splitting of the AFD soft mode feature below about 150 K. We also see
appearance of the LO4 hard mode at this temperature, followed at around 80 K
by the appearance of the TO3 mode simultaneously with a sharp drop in intensity
of the LO4 mode. Both of these are features that are, in the literature associated
with a ferroelectric phase transition. On this basis, I am confident in assigning
a structural phase transition from tetragonal to orthorhombic between 160 K and
140 K in this sample, with ferroelectricity displayed by the orthorhombic phase as
is usual for the STO system.
6.4 STO on LSAT
The samples in this section were grown on (LaAlO3) · (SrAl0.5Ta0.5O3) (LSAT)
[001], lattice mismatch of -0.95% (compressive strain) with STO
6.4.1 Sample STO006: 105 nm STO/LSAT measured in helium
cryostat
Fig. 6.27 shows spectra of the film, and of the substrate measured at 10 K in the
helium cryostat. The substrate has many features, all of which show up in the
thin films measurements. The second order features, TO2, TO4, LO4 modes and
a similar feature at around 100 cm−1 to that found in the STO/LAO films are
all seen above the substrate lines in this sample. The shape of the peaks is very
similar - although one should not discount the influence of the substrate in this
sample - and the frequency is in this case slightly lower, at 77/97 cm−1 rather than
93/112 cm−1 (at 10 K).
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Figure 6.27: Raman spectra of sample STO006 - 105 nm of STO grown on LSAT,
and of the LSAT substrate by itself. The spectra were both taken at 8 K.
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Fig. 6.28 shows temperature dependence of the TO2 polar hard mode and
the 100 cm−1 feature. The TO2 feature shows the familiar drop in intensity as
temperature is raised, the point of most rapid decrease around 70 K, and finishing
the decrease at around 80-100 K. As compared to STO267, this S-shaped curve
is centred considerably lower in temperature, and is much less broad. In this
figure, note the different behaviour of the 77 cm−1 peak in this sample compared
with the 93 cm−1 peak in STO267 - it first lowers, and then rises in frequency as
temperature is increased, with the changeover point occurring at about 80 K. In
STO/LAO this peak just monotonically decreased in frequency. The temperature
at which the frequency-change reverses direction is near to the temperature at
which the rapid drop in intensity of the polar hard modes finishes. As with sample
STO267, it is possible that this is the ferroelectric soft mode. Many effects cause
this mode to harden compared to the single crystal STO case, making this a
plausible assignment. The softening followed by hardening displayed here by this
mode is very similar, for example, to the behaviour of TO1 reported by [44] from
IR studies of thick, non-epitaxial films of STO.
6.4.2 Sample STO005: 140 nm STO/LSAT measured in helium cryo-
stat
Film 005 is a thicker film grown in the exact same way as film 006. The only
difference was a longer deposition time. The thickness of this film is 140 nm as
measured by Dektak profilometer. Fig 6.29 shows Raman spectra of the 140 nm
layer (upper) and the 105 nm layer (lower) at five different temperatures, from 50 K
to 100 K, over the range where the polar modes disappear. Comparing the two side
by side we see a few differences. First of all, the substrate features are stronger
in the thinner layer. This is not surprising, as there will be less absorption of the
optical field before the wave hits the substrate (and less absorption of the scattered
field as it escapes the sample). Next, the thicker layer has a stronger signal from
the second order features in STO. This can be seen best in the band between 250
and 400 cm−1. However, the thinner layer has stronger signal from the polar modes
than the thick one. These two phenomena could be explained by considering that
the polar regions of the crystal are significantly unevenly distributed through the
film, with a larger concentration towards the film/substrate interface and smaller
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Figure 6.28: Temperature dependent Raman spectra of sample STO006. The
spectra have been vertically offset for ease of viewing. The emergence of the TO2
and TO4 modes together with the 100 cm
−1 feature can be seen here.
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Figure 6.29: Comparison of the Raman spectra of 105 nm STO grown on LSAT
to 140 nm STO grown on LAO. Spectra are shown at five different temperatures
across the range where first order scattering emerges, and each temperature is
vertically offset for ease of viewing. Lighter colours are the thicker layer, darker
colours are the thinner layer. The temperature dependence of the TO2 and TO4
modes is very similar between the two samples.
concentration towards the film/air interface. Both the level of lattice strain, and
the concentration of dislocation defects will be higher nearer to the film/substrate
interface, and both of these elements have been shown to induce polar distortions
in STO crystals. The thicker film, therefore, will have a larger scattering volume
which is non-polar and shows only second-order features. Furthermore, this greater
thickness of non-polar STO will absorb more light before the wave reaches the polar
regions, explaining the reduced polar mode intensity.
The final important difference is the existence of a clear shoulder of the 70 cm−1
peak at 99 cm−1 in the thinner film, but not in the thicker film. This shoulder
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emerges at around 70 K, and persists down to 10 K. It could be that this line is
the result of symmetry breaking, splitting redundant components of a vibrational
mode. Such a splitting, if that is really the explanation for the additional shoulder
would imply that the material undergoes a further structural phase transition. It is
also possible that the double peak feature could be caused by two peaks of similar
frequency from different regions of the film - a high strain and low strain region,
for example. Looking closely at the thicker film spectra, one can see weak ’bump’
features at the same frequency as the shoulder. These features could be the same, it
is difficult to tell. Despite the subtle differences present, the two films have almost
identical temperature dependence in the polar TO and LO mode intensities. The
polar mode temperature dependence suggests that the additional thickness of film
in the thicker sample contributes nothing to the growth of polar regions; and hence
also contribute nothing to the degree of strain, the displacement concentration,
or to the concentration of any other kinds of defects that cause changes to the
temperature of ferroelectric transition. The results overall suggest that the vast
majority of the ferroelectricity in STO strained thin films occurs within the first
100 nm of the film.
Fig. 6.30 shows the normalised fitted height parameter of the TO2 mode for the
105 nm and 140 nm STO/LSAT layers. Note the very similar behaviour between
the two samples - both show a residual tail above 100 K, and a rapid rise in intensity
starting at about 80 K. The noise in this data makes it difficult to tell if a saturation
of peak intensity is reached below 20 K, or if a pattern of continued increase in
intensity is shown at the lowest temperatures. Assuming that a saturation does
show at very low T, the S-shaped curve made by these samples is considerably
thinner than that of the STO layers on LAO - about 80 K compared with about
150 K. It is comparable in width to the behaviour of the polar LO4 mode in NGO.
6.4.3 Sample STO004: 60 nm STO/LSAT measured in helium cryostat
Fig. 6.31 shows this sample compared with the substrate (scaled to fit the same
graph) at 10 K. This sample does not at first glance appear different from the
substrate, except that the signal is much weaker. This is most likely a result
of absorption of the UV excitation laser by the film. It could also be a result
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Figure 6.30: Temperature dependence of the first-order STO modes in 105 nm and
140 nm of STO grown on LSAT.
of different reflectivities from the STO layer and the LSAT substrate. In the
helium cryostat, the excitation light incident on the sample does not enter normal
to the surface, but at an angle. Any reflectance is therefore likely to be higher,
and differences in reflectance shown more clearly. For sure, there is no peak at
550 cm−1 to attribute to the TO4 peak visible above noise in this sample. However,
the peak at 183 cm−1 is higher compared to the 150 cm−1 peak in sample STO004
than in the substrate. It seems likely that this is the TO2 peak, which is usually
the strongest of the polar modes in literature. The absence of the other first order
modes is still puzzling, however.
Fig. 6.32 shows the temperature dependence of the 183 cm−1 peak as tem-
perature is raised, and sure enough we see a rapid change in intensity. In this
sample, a saturation in polar mode intensity is obvious, compared with sample
STO005. This gives more confidence that the saturation suggested by the data
on the thicker layers is real. The peaks were fitted wth Fano function lines, and
the height parameters plotted with respect to temperature. Fig. 6.33 shows this
parameter, along with the height parameter of TO2 (scaled to a substrate line)
in samples 005 and 006 as well. Like the thicker samples, the S-shaped curve is
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Figure 6.31: Raman spectra of sample STO004, a thinner film of STO grown on
LSAT compared with the substrate. Only the TO2 mode is clearly seen above the
substrate lines in this sample.
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Figure 6.32: Temperature dependence of the TO2 mode intensity in sample
STO004. The transition is relatively sharp and at a relatively high temperature
compared to the thicker STO/LSAT samples.
narrow compared to STO/LAO. However, this thinner 004 film has its point of
most rapid decrease at 100 K, 30 K higher than in the thicker samples 005 and
006. When we look at the temperature dependences side by side, we get a pattern
very similar to that shown by the thinner and the thicker of the STO/LAO films,
reinforcing the result that the polar state in these crystals is more stable in thinner
films than in thick ones (although the similarity of the 105 nm and 140 nm films
shows us that there is a limit to this effect in the high-thickness region).
6.4.4 Summary of results - STO on LSAT
Sample STO004 has thickness of 60 nm as measured by dektak profilometer. The
first order TO2 mode is clearly seen in the spectra, and its temperature dependence
shows an S-shaped curve with width of about 80 K, with saturation occurring at
70 K.
Sample STO006 has thickness of 105 nm as measured by dektak profilometer.
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Figure 6.33: Temperature dependence of the TO2 mode intensity in all three
STO/LSAT samples. The similarity of the two thicker films, and the contrast
with the thinnest film can be seen.
The first order TO2 temperature dependence shows an S-shaped curve with width
of about 80 K, with saturation occurring at 30 K. This mode additionally shows a
feature with two peaks at 100 cm−1.
Sample STO005 has thickness of 140 nm as measured by dektak profilometer.
The first order TO2 temperature dependence shows an S-shaped curve with width
of about 80 K, with saturation occurring at 30 K. This mode also shows a feature
at 100 cm−1, only one peak is seen and it is stronger than in sample STO006.
6.5 XRD measurements
In order to more fully understand the nature of the strain in our STO samples,
XRD measurements were performed. The XRD results reported here are prelimi-
nary measurements which measure only the out-of-plane lattice constants, which
is not the direction in which strain is applied nor in which the ferroelectric polar-
isation of unit cells is predicted to occur in STO. Measurements of the in-plane
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lattice constants are being undertaken, but are not available at the time of writing.
The contraction of the in-plane lattice constants also creates an expansion in the
out-of-plane lattice constant, so what we can measure by these easier experiments
still gives us some information about the strain in our samples.
Fig. 6.34 shows XRD 2θ/θ measurements of each of the thin films of STO/LSAT,
showing out-of-plane lattice constants compared to a pure STO substrate. The
spectra are plotted with intensity on a logarithmic scale, and are all taken at room
temperature. The highest peak at θ = 46.95◦, which is present in the films, is that
of the LSAT substrate. The next highest peak at 46.5◦ is the relaxed position of
the STO out-of plane lattice constant. The spectrum of the 60 nm film shows an
STO peak at 46.10◦, and it also shows interference fringes indicating a very small
thickness. The thickness of the film can be calculated using these fringes, and it
confirms the dektak profilometer measurement. The 105 nm film, the next thickest
has a single peak at 46.2◦, although it also displays a shoulder on the high angle
side. The 140 nm film, which is the thickest, displays two peaks: one in the same
place as the 105 nm film and another at higher angle 46.4◦ - almost the same 2θ
value as fully relaxed STO.
So what we observe with increasing thickness is a relaxation of lattice con-
stant towards the normal value. The thinnest films show a lattice constant highly
distorted from the relaxed unit cell length. As thickness increases, the distortion
relaxes until it reaches the point at approximately 46.2◦. After this, a second phase
begins to form, with lattice constant nearly the same as the relaxation value. How-
ever, this forms in a mixed phase, with volumes in the 46.2◦ distorted phase also
present in the same sample.
This pattern follows almost exactly the pattern implied by the Raman spectra,
in which we see the polar mode intensity saturating at the highest temperature
for our thinnest film, and at a lower temperature for the thicker films. The thicker
films both show Raman mode saturation at the same temperature, and I propose
that this signal is coming from the more highly strained layer in each, which XRD
shows to be the same in both samples. The additional thickness of relaxed STO
on the thickest film explains why the polar modes are weaker in the thickest film
- greater absorption by a non-scattering layer. The XRD reveals new information
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about the strained and unstrained layers in thicker films though - where before
we assumed the relaxation of strain across the thickness of a single sample to be
continuous, the XRD shows a quite distinct separation from high-strain to low-
strain regions in the films, suggesting a very small region over which the strain in
the sample changes rapidly at a point part way through the thickness of the film.
We can confidently say that thin films of STO/LSAT grown with thicknesses
below the relaxation threshold of close to 100 nm have strain that is dependent
on thickness. So - in the thinner films, up to about 100 nm, the ferroelectric
layer is grown. Changes to the thickness of the film within this range of thickness
have thickness dependent strain, and can still create material differences in the
ferroelectric properties of the thin film. Once this soft threshold is reached, further
STO is grown in a dielectric layer, that does not any longer increase the volume
of polar STO.
6.6 100 cm−1 feature
Now armed with all of the spectra from all of our samples, I can tackle the problem
of the 70-100 cm−1 feature present in many of the spectra. A feature of this kind
is present in both of the STO/LAO films; and in the thicker two STO/LSAT films
but not the thinnest STO/LSAT film; and it is not seen in the STO/NGO film,
although there is a feature in the substrate at this temperature which would effec-
tively mask it if present in the film, so this absence is only a tentative assignment.
The most obvious candidate for a mode giving these peaks in the Raman spec-
tra is the ferroelectric soft mode (TO1). The presence of this mode at such an
elevated frequency in the literature is always associated with a non-ferroelectric
phase in STO. However, in the STO/LSAT samples, the thicker of the STO/LSAT
films do show the 100 cm−1 feature, and I am reasonably confident of ferroelec-
tricity based on the similarity of the polar hard mode temperature dependence to
that of STO/NGO.
An important observation to make of this 100 cm−1 feature is that it is stronger
in the thicker films than the thinner films on both substrates. The thicker films
192
CHAPTER 6. RESULTS - STO THIN FILM SYSTEM
Figure 6.34: Room temperature XRD spectra of STO thin films grown to various
thicknesses on LSAT. A spectrum of STO/STO is provided for reference. The
out-of plane lattice constant is measured in these spectra, and the variation of
the lattice constant with film thickness cna be seen. There is clearly a correlation
between strain and thickness, and there is also clearly a two-phase growth mode
in the thickest sample.
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show higher intensity of this feature, both in comparison to the substrate modes
and in comparison to the other STO modes. Taken together with the XRD mea-
surements, this makes me confident that the feature is being generated mostly
in the low-strain region of the films. Take the STO/LSAT system for example,
refering to Fig. 6.34. The thickest film has the strongest 100 cm−1 feature, and it
has the greatest volume of film in the relaxed phase. The 105 nm film has a shoul-
der on the relaxed strain side, showing evidence of some volume of relaxed STO,
and it shows the 100 cm−1 at weaker intensity than the thick film. The thinnest
film shows no sign of either the 100 cm−1 feature, or a relaxed strain phase. This
pattern is repeated in the STO/LAO samples, the thickest film has much stronger
intensity of the feature.
Considering this evidence, and also considering the mixed phase growth of high-
thickness strained STO samples discovered in the XRD measurements, I suggest
that the 100 cm−1 feature is the ferroelectric soft mode, in regions of STO under
low levels of strain. Their presence in the spectra at greatly hardened frequencies
therefore does not imply anything about the highly strained volume of the film.
The most obvious candidate to explain the soft-mode hardening in the low-strain
regions is lattice defects such as dislocations existing between the high-strain and
low-strain layers. Recall the distinct two-phase growth shown in the XRD mea-
surements. This suggests a thin interface between high- and low-strain layers,
and the dislocations defects breaking epitaxy at this interface would be similar
to the ‘dead layer’ examined in many STO thin films which have been attributed
with causing low ferroeletric and dielectric properties and hardening the soft mode
(refer to section 2.3.4).
6.7 Strain - phase transition relationship
In each of our STO thin film samples we now have some measure of a phase tran-
sition temperature from the AFD tetragonal phase to a different low temperature
phase. In sample STO264 grown on NGO, we have some proof that the new phase
is of lower symmetry in the splitting of the AFD soft mode. In this sample at
least, it seems very likely that the new phase is the orthorhombic, ferroelectric
phase seen in other STO samples in the literature. There is no evidence to sug-
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gest that the low temperature phase of the samples grown on other substrates is
different to the sample grown on NGO. The nature of this phase transition, in
all of the samples we have measured is a slow-with-temperature transition from
one phase to the next, most likely through a polar micro-region percolation as has
been reported for other STO systems. We expect though that the distribution of
the polar regions will not be disordered as in other systems, but be growing from
the substrate-film interface up, as strain is highest close to the boundary.
Using the temperature dependence of the polar STO modes in each of the
samples, a value for TC was calculated. The value was designated as the point at
which a tangent to the steepest part of the curve intercepts with the saturated low
intensity value. This is illustrated in Fig. 6.35. On sample STO264, this calculated
value for TC corresponds very well to the temperature where the splitting of the
AFD mode is observed. A single temperature is not sufficient to describe the
complex process of the transformation from one phase to another in these films,
which takes place over a long range of temperatures. During that range, either the
order parameter, or the volume of the film in the low temperature phase or both
must be changing. So I include a second parameter, a TC width which describes
the temperature range over which the polar modes are changing in intensity. The
figure is the range between 5% and 95% of the saturation intensity, rounded to the
nearest 10 K.
The XRD measurements displayed in this thesis showed that, at least for the
samples grown on LSAT, large amounts of strain relaxation (away from the lattice
mismatch value) were correlated with strain-inhomogeneity in the film. This in-
homogeneity casts into doubt the usefulness of the strain measurements presented
for the samples grown on LAO in section 3.1.3. As the XRD only measures a single
average value, and the measured values are in this case strongly relaxed from the
lattice mismatch value, it is highly likely that the figures are way off the strain in
the region of the film which gives us the polar Raman signal. In other words, I
think that the level of strain in the polar region of the films is very different from
the measured, average strain. This is different for the NGO film, which showed a
very small level of relaxation from the lattice mismatch value. The strain is likely
to be much more homogeneous throughout the film in this case, and the average
strain therefore represents much more closely the strain of the polar volume. In
the table and phase diagram presented below, the strain quoted for the STO/LAO
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Figure 6.35: Example of how TC for the STO thin films was calculated. A tangent
to the polar amplitude vs. T curve was drawn at the steepest point, and a hor-
izontal line was drawn at the low amplitude saturation point (dotted red lines).
The intercept of these two lines was taken as the phase transition temperature.
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and STO/LSAT samples are estimated based on the lattice mismatch and the
thickness of the film. For the LSAT films, I have some confidence in the estimates
because they are also informed by the out-of-plane XRD measurements. For the
LAO samples, I am far less confident of the accuracy of the values. For the sake
of displaying the data, I have chosen values, but be aware that there is a huge
uncertainty in these values - ±1% would not be unreasonable. The phase diagram
made is found in Fig. 6.36. It shows the phases predicted by the theory presented
in [1], the TCs calculated from our Raman data, and the TC width.
Sample Subs Est. in-plane strain Thickness TC TC width
STO016 STO 0% 50 nm none none
STO263 LAO −2.5± 1% 30 nm 210± 15K 150K
STO267 LAO −1.5± 1% 100 nm 170± 15K 150K
STO264 NGO −1.3± 0.1% 50 nm 160± 10K 80K
STO004 LSAT −0.95± 0.1% 60 nm 130± 15K 100K
STO005 LSAT −0.8± 0.2% 140 nm 90± 15K 100K
STO006 LSAT −0.8± 0.2% 105 nm 90± 15K 100K
The data show a relationship between biaxial strain and phase transition tem-
perature which falls nicely into the predicted range, albeit with large uncertainties
in the strain of some samples.
6.8 STO strained thin films - conclusions
UV Raman spectroscopy measurements were carried out on samples of STO thin
films, epitaxially grown on lattice-mismatched substrates to induce biaxial strain.
The UV method was found to enhance the film signal relative to the substrate
signal enough such that spectral features of STO could be seen. Spectral features
of polar STO were found in all of the strained samples, showing a variation in
range of ferroelectric transition temperatures which was dependent on the degree
of strain. The relationship between strain and transition temperature shown by
the Raman spectra fits well to theoretical calculations found in the literature.
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Figure 6.36: Phase diagram of biaxially strained STO. The phases marked and
the grey shaded regions between them are copied from the theory presented in [1].
Red squares show calculated phase transition temperatures as found by the Raman
spectroscopy measurements in this thesis. Orange bars show the temperature range
over which the polar Raman features are changing in intensity. This may indicate
a growth of polar volume, an increase in polar order parameter or a combination
of the two.
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The phase transition is a slow-with teperature process which shows either a
co-existence of phases over a long temperature range, or a slow increase in or-
der parameter over that range, and an eventual maximum value of the parameter
reached - or some combination of those two factors. The samples grown on LAO
had the highest lattice mismatch in the study, and also had the greatest temper-
ature range of phase transition. The other samples had comparable temperature
ranges of transition, smaller than the LAO substrate samples.
XRD measurements at room temperature on STO/LSAT samples showed a
relationship between sample thickness and strain. Up to a threshold thickness at
near 100 nm, thicker films on LSAT are under less strain. After the threshold is
reached, there is a discontinuity, and a second phase begins growing. The second
phase is almost perfectly relaxed, while the first phase remains under conditions
of strain similar to the conditions at the threshold.
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Chapter 7
Conclusions
7.1 BNT-BT - summary of results
Temperature dependent Raman spectra were taken of samples of the mixed ce-
ramic Bi0.5Na0.5TiO3 – BaTO3, with barium substitution levels between 0% and
9%. Using these spectra, we were able to show that a presumed structural phase
transition in the system was false - the electrical step change across this boundary
can be explained by a loss of long-range order in the material while the crystal
structure is unchanged.
This study showed the usefulness of the Raman spectroscopy technique as a
proxy for structural measurements. The great advantage of Raman spectroscopy in
structural investigations is that it measures over very small length scales compared
to bulk electrical and XRD measurements, and is thus a better probe of local
structure.
This new information for the phase diagram of this system showed that the
morphotropic phase boudary between ferroelectric rhombohedral and ferroelectric
tetragonal phases did not terminate in a tricritical point at high temperatures, as
was previously thought. The free energy landscape of the material is therefore less
flat than was thought, which can explain the relatively low piezoelectric activity
of BNT-BT compared to other systems.
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Poling the samples by placing the samples in strong electric fields could move
the MPB by about 1% Ba substitution in favour of the rhombohedral phase, but
does not otherwise alter the phase transitions in this material.
7.2 BNT-BT - suggested further work
The experiments performed on the BNT-BT system showed the importance of
measuring the local structure in mixed ceramic systems such as BNT-BT. A logical
next step in this research would be to re-examine other systems in which only
bulk electrical measurements have been made using Raman spectroscopy to assign
structural phase transitions.
It also helps direct lead-free ferroelectric research towards materials that con-
tain not just a morphotropic phase boundary, but a triple point between two
ferroelectric phases and a paraelectric phase in their phase diagrams - making cer-
tain of course that the electrical phase transitions correspond to structural ones
as well.
7.3 PT nanowires - summary of results
Temperature dependent Raman spectra, and scanning electron microscope images
were taken of unusual samples of lead titanate nanowires prepared by annealing
PX phase (see section 3.1.2) wires into perovskite phase wires. The Raman spec-
tra showed that there was an anomalously increased ferroelectric phase transition
temperature in the PT nanowires.
The enhancement was found to be dependent on the diameter of the nanowires,
as measured by SEM imaging. The TC peaked at a value of greater than 600
◦C,
an enhancement of more than 100 K. The greatest enhancement was found in
nanowires of 125 nm diameter. In wires larger and smaller than 125 nm, the en-
hancement dropped away.
TEM images were taken of these samples by another group, and revealed an
202
CHAPTER 7. CONCLUSIONS
enhcancement in the tetragonality of the wires as well. Like the transition tem-
perature enhancement, this was dependent on wire diameter, and peaked in wires
of 115 nm.
The TEM also revealed the presence of ∼10 nm voids in the wires. The concen-
tration of these voids, like the TC enhancement and the tetragonality enhancement
was found to be dependent on the wire diameter. It increased up to diameters of
110 nm, and in wires larger than this, cracks were seen.
We suggest that the nanoscopic voids formed in the wires are causing the
enhancement in the other order parameters by exerting tensile strain in the wires,
and we further suggest that the voids are formed due to the annealing process
where they change from the less dense PX phase to the more dense perovskite PT
phase.
7.4 PT nanowires - suggested further work
The discovery of this enhancement in parameters caused by a transformation from
a less dense phase to a more dense phase is surprising and exciting. The next step
in this research would be to try and find out how specific to lead titanate this
effect is.
It would be interesting to try to find any other ferroelectric materials in which
a similar transformation can be made. The material would ideally need to have a
second accessible phase, less-dense than the ferroelectric phase, and which forms
nanostructures with length scales on the order of 100 nm. Particularly if some lead-
free material could have their transition temperatures enhanced by this method,
then that would be a great benefit to the ferroelectrics industry.
Another approach might be to engineer the growth of lead titanate nanowires
in the PX phase. It would be valuable to try to find conditions to make wires of
particular diameter or length, and to improve the homogeneity of the wires formed,
either through some growth or sorting method.
Measurements of the piezoelectric constants, dielectric permittivity, and ferro-
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electric poling loops would also be beneficial in this system so that we can see how
the other parameters of the wires are affected by the tensile strain.
One other open question in these systems is the change in morphology of the
smallest nanowires at high temperatures. Our Raman spectroscopy and SEM
results suggest that wires below 100 nm in diameter are not stable, having changed
shape and migrated across the substrate, attaching to other larger PT nanowires.
We were not able to precisely ascertain what led to the change in morphology, so
further study in this area may be interesting.
7.5 STO thin films - summary of results
Strontium titanate thin films were epitaxially grown by pulsed laser deposition onto
a variety of lattice-mismatched substrates in order to create biaxial strain in the
thin films. The thin films are measured by ultraviolet Raman spectroscopy and x-
ray diffraction to investigate their structural phase diagrams, and the implications
for strain-induced ferroelectricity.
The UV Raman spectroscopy method was able to successfully enhance signals
from the films and supress signals from the substrates, and is shown to be a useful
technique to measure thin films.
The Raman spectra we took showed signs of a phase transition in all of the
strained samples. In one of the samples, we were able to see additional features in
the Raman spectra indicating that this is the ferroelectric phase transition from
tetragonal to orthorhombic symmetry of STO. Intense substrate lines prevented
us from seeing these features in all the other samples. There was no sign of this
transition in the unstrained film.
Signs of the other major phase transition in STO, the anti-ferrodistortive phase
transition were almost always absent from the films. However, where they were
present they indicated a significantly raised AFD phase transition temperature in
the strained films.
XRD measurements of these samples were able to show the strain in thicker
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of the thin films was strongly inhomogeneous, with regions of strained STO and
regions of relaxed STO present in the same sample. Thinner films would grow
homogeneously, with strain inversely proportional to film thickness. At a threshold
thickness, there is a discontinuity seen and subsequently the strain in the strained
region is no longer thickness dependent, and relaxed STO grows on the top surface.
Signs of strain inhomogeneity are seen in the Raman spectra as well. The
Raman signals of the phase transition do not appear suddenly. Rather, they
slowly grow in intensity as temperature is lowered over a period of between 80 K
and 170 K, depending on the sample.
The ferroelectric phase transition temperatures for each sample were calculated
from the temperature dependence of the polar mode amplitudes in the Raman
spectra. In-plane strain was estimated from the thickness and lattice mismatch,
and average strain measurement where available at time of writing. A relationship
was found between TC and biaxial strain which agreed with theoretical predictions
made by other groups. It must be stated as a proviso though that the estimates
of strain for some samples are not very good. The data could be much improved
by a good measurement of the actual in-plane strain in the samples.
7.6 STO thin films - suggested further work
The results of this chapter are less complete than those in the other chapters.
Many aspects of the results are not clear, so the most important further work to
suggest is to answer the open questions.
First of all, measurements of the in-plane lattice strain in these samples would
be greatly beneficial. An average lattice strain measurement is not sufficient due
to the inhomogeneity in strain across the STO thin films. Measurements sensitive
enough to see this varation in strain are required.
The NGO substrate was the best one for Raman measurements, as the substrate
lines of that material did not overlap with the low-frequency soft modes. I suggest
that it would be beneficial for more STO thin films be grown, of a variety of
thicknesses on this material so that the most interesting Raman features can be
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seen in a variety of strain states. Once again though, it may prove difficult to grow
STO epitaxially in a variety of thicknesses on NGO due to the non-square lattice.
It would also be valuable to make measurements of the electric permittivity
and ferroelectric polarisation loops, if any, in these thin films. Right now the
assignment of these materials as ferroelectric is made purely on the basis of the
structural phase transitions, and as we have learned in BNT-BT the structural
and electrical phase transitions are not necessarily equivalent.
Finally, another angle to take would be to measure other ferroelectric materials
under lattice strain. The proof of concept in STO, that biaxial strain can raise
structural transition temperatures has been shown well by these results. Guided
by theory or by pressure-dependent structural measurements, it could be possible
to find more materials that can be enhanced this way. This presents another way
in which lead-free ferroelectric systems might be brought up to par with PZT such
that they can be used in technology.
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Paper in submission concerning PT
nanowires
This is a recent copy (at time of printing) of an article in submission regarding
the PT nanowires. The article goes much further in suggesting that tensile strain
is the source of the anomalous enhancement of transition temperature in the PT
nanowires than I do in this thesis and it draws on other measurements and theory
that are not the contribution of the author of this thesis. This article is presented
with its own images and references, which are independent of those in the thesis
A.1 Nanopore-induced negative-pressure ferroelectric
enhancement in freestanding PbZrO3 nanowires
Jin Wang1, Ben Wylie-van Eerd2, Cosmin Sandu1, Marco Cantoni3, Pascale Gemeiner4,
Brahim Dkhil4, Alexander Tagantsev1, Joe Trodahl2, Nava Setter1
1Ceramics Laboratory, Swiss Federal Institute of Technology (EPFL), 1015
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207
A.2. Abstract
3Interdisciplinary Centre for Electron Microscopy, Swiss Federal Institute of
Technology (EPFL), 1015 Lausanne, Switzerland
4Laboratoire Structures, Proprie´te´s et Mode´lisation des Solides, CNRS-UMR8580,
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A.2 Abstract
Ferroelectrics are ubiquitous in technology with a substantial inter-
est in the extension of their operational temperature-range and ex-
ploitable properties. We report a strong enhancement of ferroelectric
unit cell distortion (c/a) and Curie temperature in freestanding PbTiO3
nanowires and present extensive evidence that the enhanced charac-
teristics originate from negative pressure effects due to introduction of
nano-pores in the material. The enhancements are maintained for years
without degradation.
A.3 Article
Ferroelectrics find key application in fuel injection, high-precision actuation, ultra-
sonic detection and imaging, energy harvesting, nonvolatile information-storage,
and capacitors in electronic circuitryi,ii,iii. Parameters that define the usefulness
of ferroelectrics include high piezoelectric/pyroelectric/dielectric coefficients, large
spontaneous polarization, and extended working temperatures.
Strain influences strongly the ionic displacements that are at the core of ferro-
electric properties. Thus there are recent exciting developments exploiting epitax-
ial films on lattice-mismatched substrates that impose modest tensile or compres-
sive biaxial strain and enhance the propensity for the development of structural or-
der parameters that characterize ferroelectricsiv,v,vi. Much larger hydrostatic stress
is provided by diamond anvil cells, but its partner, hydrostatic tensile stress, is gen-
erally regarded as unachievable. Nonetheless there are interesting expectations for
this negative pressure regime. The semi-empirical Landau-Ginsburg-Devonshire
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expansion predicts a doubling of the order parameter (c/a − 1) in PbTiO3 under
negative pressures of a few GPa. A strong pressure dependence is confirmed in
experiments under positive pressures in a diamond anvil cellvii,viii in which the
order parameter is strongly reduced. An ab initio treatment has predicted an
even stronger and nonlinear enhancement under negative pressure of 4-6 GPa, sig-
naling the development of a new structural phaseix. However, it is difficult to
apply strain engineering to freestanding samples such as single crystals and ce-
ramics that lack bonding to a clamping media. Here we report the observation
of a strong enhancement of the unit cell distortion (c/a) and Curie temperature
(TC) in freestanding nanoporous monocrystalline PbTiO3 (PT) nanowires, which
is caused by a negative pressure effect.
Our wires were initially prepared in the body-centered tetragonal PX phase,
with the same stoichiometry as perovskite PT but having an accicular crystalline
structure of a lower density (6.87 g/cm3 vs 7.97 g/cm3)x,xi. The perovksite nanowires,
with a thickness ranging from 20 nm to 500 nm (Fig. 1a) were obtained by anneal-
ing the PX nanowires in air at about 540 ◦C. Nearly-spherical pores with a typical
diameter of 10 nm did not break their monocrytallinity (Fig.1c). Bending occurred
in some of the converted perovskite nanowires and 90◦ domains were frequently
found, especially across the bent regions (Fig.1d).
The annealed nanowires show a tetragonal perovksite structure as confirmed by
XRD measured on the ensamble (Fig. S1a) and by the Raman spectra of individual
nanowires (Fig. S1b). The spontaneous polarization direction in the nanowires, the
c axis of the tetragonal perovskite cell, did not adopt any specific orientation with
respect to the geometry of the nanowires. The c/a ratio of individual nanowires
was investigated by high resolution transmission electron microscope (HR-TEM)
for nanowires thinner than 120 nm and selected area electron diffraction (SAED)
for thicker wires. A remarkable result is that in a small range of diameters near
110 nm, there is an enormously enhanced tetragonality (c/a− 1) up to about 0.13
(Fig. 1e), approximately doubling the tetragonality from (c/a−1) = 0.065 in bulk
PTxii. Both thinner or thicker wires exhibited c/a ratio similar to the bulk PT
value, within the measurement uncertainty.
The strongly enhanced tetragonality suggests that the wires might show an
enhanced ferroelectric instabilityxiii. Thus we have investigated the ferroelectric-
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Figure A.1: SEM image of the perovskite PT nanowires. b, Low-magnification
TEM image showing the closed nanosized pores in the nanowires. c, High res-
olution image revealing that the monocrystallinity is not affected by the pores.
d, TEM image of the area with 90◦domains. e, c/a versus the thickness of the
nanowires.
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Figure A.2: Spectra on single wires of diameters 125, 250 and 650 nm, at tem-
peratures spanning the Curie temperature. The lowest frequency E(1TO) feature
was followed to investigate the diameter-dependent Curie temperature. The oc-
casional peak around 40-50 cm−1 is spurious, possibly from the substrate. b, The
frequency of the E(1TO) line plotted vs temperature for the three wires, showing
the line falling to 55 cm−1 before disappearing at TC . The thinner wires have a
clear enhancement of the ferroelectric temperature range.
paraelectric phase transition in individual nanowires by temperature-dependent
Raman spectroscopy. Figure 2a shows the Raman spectra in the low-frequency
(≤ 400 cm−1) region for three wires with thicknesses of 650, 250 and 125 nm, at
temperatures that span the bulk Curie temperature of about 490 ◦Cxiv,xv. There
are no Raman active modes in the paraelectric cubic phase, and as expected the
thickest wire loses all Raman bands above the bulk Curie temperature. However,
the signal from the ferroelectric tetragonal phase persists to higher temperatures
in thinner wires, to over 600 ◦C in the 125 nm nanowire.
The E(1TO) mode below 100 cm−1 provides a convenient signature of the im-
pending ferroelectric-paraelectric transition. In bulk PT it is a narrow line near
90 cm−1 at ambient temperature, and it softens and broadens as TC is approached,
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finally disappering after reaching ∼ 55 cm−1 at TxivC . It is important that this is
a pure mode with a frequency that is independent of the orientation of the polar
axis (c axis) relative to the photon propagation directionxvi, which is necessar-
ily uncontrolled in this experiment. Figure 2b shows its frequency varying with
the temperature, compared with single crystal bulk PTxiv for comparision. The
650 nm nanowire shows results in a good agreement with bulk PT while the 250 nm
nanowire exhibits the E(TO) mode frequency shifted up by 30 K compared to bulk
PT, implying TC ≈ 520 ◦C. The 125 nm nanowire has an enormously enhanced TC ,
with the presence of the E(1TO) mode still seen in spectra at the 600 ◦C limit of
our variable-temperature stage. The 125 nm wire is expected to have c/a ≈ 1.08
(Fig. 1e), a 23% tetragonality enhancement. In parallel TC is enhanced by more
than 100 K, i.e. more than 15%. We have found no previous report of enhanced
of ferroelectricity in freestanding nanostructures.
Figure 3 shows the lattice constants determined in a temperature-dependent
XRD investigation of a multiple-wire sample, together with the standard bulk data
for comparisonxvii,xviii. It is clearly seen that the lattice parameter c and c/a are
increased compared to the standard bulk over the whole measured temperature
range, and the Curie temperature is enhanced by about 40 K. As shown in the
supplementary material, the volume-weighted average diameter of the wires is
220-270 nm, bringing the ambient-temperature c/a and the Curie temperature
enhancement into agreement with the data on single wires.
It is untenable that the enhancements are related to a purely size effect, which
can appear only on a much shorter length scalexix,xx,xxi. Furthermore, the depo-
larising field often identified as responsible for changed ferroelectric behaviour in
nanostructured ceramics leads to a reduced, rather than enhanced, order parame-
ter and TC
xxii. In any case, the variable polarization direction relative to the wire
axis makes these sources unlikely to give a clear trend depending merely on the
thickness of the nanowires.
A clue regarding the origin of the enhanced order parameter is illustrated in
Figure 4, which shows the distribution of approximately spherical voids in three
typical nanowires with diameters near the most enhanced c/a. Combined with Fig.
1e, these data clearly show the trend that the most enhanced order parameters
are closely correlated with a high void density. In particular the 115 nm nanowire,
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Figure A.3: Temperature dependence of lattice parameters (a) and c/a (b) of
the multiple-wire sample compared with the standard bulk data (ref. 17). The
simulated lattice parameters and c/a of PT under 0.4 Gpa hydrostatic tensile stress
are also included (see the text for further discussions).
which shows a c/a about 1.13, shows a remarkable density of approximately 10 nm
voids separated by about three times the diameter. As such closed pores shrink to
reduce the surface energy, they impose a tensile stress on their surrounding solid
media; in a solid with dense and uniformly distributed closed pores the total stress
effect from all the pores is similar to that of hydrostatic tensile stress spread over
the bulk part of the solidxxiii. A continuum treatment gives void-surface stresses
of 0.4-4 GPa for a void diameter of 10 nm and surface tensions of 1 to 10 N/m
reported for PT The 0.15
It is well established that hydrostatic compressive strain reduces the Curie
temperature of PTvii,viii, implying an enhanced order parameter under hydrostatic
tensile strain. Ab initio simulations of PbTiO3 under negative pressure predict a
strongly nonlinear enhancement of the tetragonality and spontaneous polarization
at pressures to -4.5 GPa (red curve with square markers in Fig. 4d)ix. The maximal
measured tetragonality, occurring in nanowires of ≈ 110 nm diameter is twice that
of the bulk value (1.12 vs. 1.06 respectively), which corresponds to ≈ 4 GPa tensile
stress in the calculated curve of Figure 5a. The strain-stress relationship is only
weakly superlinear up to 4 GPa, so that the stress leading to c/a of 1.08 in a 125
nm diameter wire is near 2 GPa, within the 0.4-4 GPa expected from the observed
void distribution.
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Figure A.4: a-c, TEM images showing the pore distribution in the nanowires with
different thicknesses. d, Enhanced c/a (red curve with square markers) of PT
under hydrostatic tensile stress simulated by the first-principles calculations (the
curve is reconstructed according to the data in ref. 9) and upshift of TC (solid
black curve) of PT under hydrostatic tensile stress predicted by the LGD theory.
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Within the Landau-Ginzburg-Devonshire (LGD) free energy expansion, the
effect of the hydrostatic stress on the shift of Curie temperature ∆TC is
∆TC = 2(Q11 + 2Q12)σ0C (1)
where Q11 and Q12 are the longitudinal and transverse electrostriction coeffi-
cients, σ the hydrostatic stress, 0 vacuum permittivity, and C the Curie-Weiss
constant. The predicted dependence of ∆TC is plotted in Figure 4d (solid black
curve), showing a 200 ◦C enhancement under the hydrostatic tensile stress of 2 GPa
implied by the c/a enhancement in 125 nm nanowire; the data of Fig. 3d are in
excellent agreement. For the 250 nm nanowire, the measured ∆TC of 30
◦C corre-
sponds to a hydrostatic tensile stress ∼0.3 GPa.
The unit cell dimensions in the presence of hydrostatic tensile stress are also
described within LGD theory. A simulation of the temperature dependent lattice
constants of the multiple-wire sample has been performed according to Eq. 1
and plotted as the dashed curve in Figure 3bxxiv. The only input parameter σ is
determined to be about 0.4 GPa from the measured shift of TC according to Eq.
1. It is seen that the simulation has qualitatively reproduced the features of the
variations of the temperature dependent lattice constants observed in multiple-
wire sample with respect of the stress-free bulk sample, and is almost perfect for
the temperature range below 350 ◦C. The calculated temperature dependent c/a
has also been plotted (dashed curve in Fig. 3b), showing again a good match with
the experimental data. The small deviation at high temperature can be attributed
to the variable stress magnitude among wires of differing diameter.
It is clear that the voids are a central element in the development of the tensile
stress. It is important therefore to emphasize that the voids are stable with time:
samples showed the same increased tetragonality after having been stored for more
than 2 years. We note that the preparation route passed through the PX phase,
with the same stoichiometry as PT but with a specific volume that is larger by
15%. The accumulation of voids due to phase transformation into a dense structure
is known indeed to occur, e.g. upon transformation from amorphous to crystalline
oxidesxxv.
In summary, we have demonstrated the enhancement of the tetragonaility and
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Curie temperature by hydrostatic tensile stress, an effective negative pressure,
in nanoporous nanowires of PT, as is predicted by both ab initio modelling and
semi-empirical LGD theory. The observed tetragonality is more than doubled in
the nanowires with a high density of approximately 10 nm voids in the structure
compared to the stress-free bulk sample. The tensile stress is seen clearly only in
a narrow range of nanowire diameters centred near 110 nm, but in that range it
is stable for years and against cycling to at least 600 ◦C. A technically important
implication from the observations is that effective hydrostatic tensile stress in free-
standing nanowires is created by the surface tension of dense nanosized spherical
pores and can reach GPa level. Such pore-engineering route can serve as a clever
way to apply a negative pressure on solids without external forces. Moreover, the
enhancement by negative pressure requires a positive hydrostatic electrostriction
coefficient (Q11 + 2Q12) (Eq. 1)
xxvi , which is satisfied in most of the perovskites.
Therefore the pore-engineering route holds a promise of enhanced ferro- and piezo-
electric properties and extended working temperature range, especially appealing
for lead-free perovskite ferroelectrics, whose bulk properties are inferior so far in
comparison with classical lead-containing ferroelectrics.
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Semi-classical equation describing resonant
Raman scattering
The Raman cross section is directly proportional to the Raman polarisability. The
equation below comes from quantum perturbation theory, and is the expression for
an element of the Raman polarisability tensor between quantum states |i〉 and |f〉
– i.e., the Raman polarisability of a single vibrational mode at a single orientation.
Of course, spectra that we measure are sums over all activated modes, and over
whatever orientations are collected geometrically by the experimental apparatus.
The subscripts k and l indicate spatial axes i.e. one of x, y, z. The subscripts i
and f refer to the quantum state corresponding with the initial and final states
that describe the Raman scattering event, and the subscript r refers to some other
complete quantum state. The sum is performed over every complete quantum
state which is not the final or initial one.
αkl =
1
~
∑
r 6=i,f
{ 〈f |pk|r〉〈r|pl|i〉
(ωr − ωi)− ωL − iΓr +
〈f |pl|r〉〈r|pk|i〉
(ωr − ωf )− ωL − iΓr
}
(B.1)
where α is the Raman polarisability tensor, ω are frequencies of the various com-
plete quantum states, ωL is the frequency of the excitation laser, p are quantum
mechanical dipole moment operators and Γ is a damping term that arises from
219
finite state lifetimes.
For the purpose of understanding resonant Raman scattering, we need consider
only the denominators inside the sum. When the frequency gap between two given
states, (ωr − ωi) and/or (ωr − ωf ) is very similar to the frequency of the laser,
ωL, then the denominator term vanishes towards zero. This causes the element
in the summation, and therefore the polarisability for this mode excited at this
frequency to become very large. In simple terms, this occurs when the energy of the
wavelength is very close to the energy of allowed transitions in the material – most
commonly, these are electronic transitions between the valence and conduction
bands. So this is the source of the resonant Raman enhancement[34].
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